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PF3DICTION OF ROTATING-BLADE VORTEX NOISE 
FROM NOISE  OF  NONROTATING BLADES 
Martin R. Fink, Robert H. Schlinker,  and Roy K. Amiet 
United Technologies Research Center 
SUMMARY 
Measurements were conducted i n  a n  a c o u s t i c  wind tunnel  to  de te rmine  
vortex noise  of  nonrotat ing circular  cyl inder  and NACA 0012 a i r f o i l s .  Both 
constant-width and spanwise tapered models were t e s t e d  a t  a low turbulence 
l eve l .  The constant-diameter cylinder and c o n s t a n t - c h o r d  a i r f o i l  a l s o  were 
t e s t e d  i n  t h e  t u r b u l e n t  wake generated by an upstream cylinder or a i r f o i l .  
Available theories, surface pressure spectrum measurements, and surface 
pressure cross-correlat ions were u t i l i z e d  t o  p r e d i c t  f a r - f i e l d  n o i s e  f o r  
comparison with far-field acoustic measurements.  These ca lcu la t ion  methods 
were t h e n  u t i l i z e d  t o  p r e d i c t  sound spec t ra  on the  ro t a t iona l  ax i s  o f  ro t a t ing  
b lades  wi th  c i rcu lar  cy l inder  and wi th  NACA 0012 a i r f o i l  s e c t i o n s .  The 
predic t ions  were compared wi th  ava i lab le  NASA data .  
Vortex noise  radiat ion from nonrotat ing circular  cyl inders  a t  Reynolds 
numbers matching those of the rotating-blade tests was found t o  be s t rongly  
dependent on surface condition and  Reynolds number. Vortex noise of rotating 
circular  cyl inder  blades,  operat ing with and without the shed wakes blown 
downstream, could be predicted using data  for  nonrotat ing circular  cyl inders  
as functions of  Reynolds number. Vortex noise of nonro ta t ing  a i r fo i l s  was 
found tobe  t ra i l ing-edge  noise  a t  a tone  f requency  equal  to  tha t  p red ic ted  
f o r  maximum-amplitude Tol lmien-Schl icht ing instabi l i ty  waves a t  t h e  t r a i l i n g  
edge. Vortex noise from rotating airfoil-shaped blades w i t h  rounded t i p s  
behaved i n   t h i s  manner, but  square- t ip  blades were louder and produced b l u f f -  
body vortex shedding noise.  Noise from airfoil-shaped blades rotating in 
t h e i r  shed wakes was dominated by incidence-fluctuation noise caused by 
d iscre te  tu rbulen t  eddies .  
INTRODUCTION 
One of the important but poorly understood types of noise generated by 
propel le rs  and he l i cop te r  ro to r s  i s  vortex noise. This broadband noise can 
dominate measured spectra  a t  moderate and high frequencies  that  have la rge  
contr ibut ions to  perceived noise  levels .  Other  noise  processes  for propel le rs  
and helicopter rotors include tone noise caused by blade thickness and 
per iodica l ly  vary ing  l i f t ,  plus both tone and broadband noise from convected 
turbulence .  S ta t ionary  turbulen t  eddies  s l iced  by the  ro ta t ing  b lades  would 
generate tones,  and f luc tua t ions  of eddy posi t ion cause broadband noise  with 
a spectrum similar t o   a n  envelope of the tones. 
Measurements had been obtained by NASA ( r e f s .  1 and 2 )  of vortex noise 
generated by rotating blades.  Microphones were placed upstream along t h e  
r o t a t i o n  a x i s  where tone noise caused by blade thickness and steady l i f t  
forces should not occur. Steady l i f t  was s e t  e q u a l  t o  z e r o  by t e s t i n g  
(1) blades with circular cross-section, (2) untwisted blades with NACA 0012 
a i r f o i l  s e c t i o n  a t  zero  p i tch  angle  and ze ro  ax ia l  ve loc i ty ,  and (3)  h e l i c a l l y  
twisted blades with NACA 0012 a i r f o i l   s e c t i o n  a t  an advance r a t i o  t h a t  p r o -  
duced zero  re la t ive  inc idence  a t  a l l  r a d i a l  p o s i t i o n s .  These data for  two 
vast ly  different  blade cross-sect ion shapes,  each operated both with and with- 
out i t s  shed wake blown downstream, can be used a s  t e s t  ca ses  fo r  eva lua t ing  
vortex noise  predict ion methods. 
Aeolian tones radiated by two-dimensional b l u f f  bodies with uniform 
geometry and uniform upstream flow have long been associated with lift force  
f luctuat ions caused by Karman vortex shedding. The standard aeroacoustics 
ana lys i s  for  such  noise  ( re fs .  3 and 4, and Section 3.5.1.2 of ref. 5 )  assumes 
t h a t  l i f t  force f luctuat ion per  uni t  span i s  concentrated a t  one Strouhal 
number and has constant amplitude along the span. It i s  assumed t o  have 
ei ther  constant  phase (precisely coherent)  or randomly varying phase along the 
span as  represented by a co r re l a t ion  l eng th .  In t ens i ty  of f a r - f i e l d  sound 
r a d i a t i o n  i s  then proportional t o   v e l o c i t y   t o   t h e   s i x t h  power, rms lift 
coeff ic ient  squared,  and either span squared (for coherent spanwise phase) or 
the  product  of  span and correlat ion length.  Correlat ion length i s  usua l ly  
t aken  p ropor t iona l  t o  maximum thickness,  so the  randomly phased configuration 
i s  p red ic t ed  to  r ad ia t e  sound w i t h  i n t e n s i t y  p r o p o r t i o n a l  t o  f r o n t a l  a r e a .  
Now consider a b l u f f  configuration which has uniform upstream flow but 
spanwise t ape r  of m a x i m u m  thickness,  o r  constant thickness b u t  spanwise 
va r i a t ion  of r e l a t i v e  v e l o c i t y  as produced  by a shear flow. Modifications to 
the  h ighly  r igorous  ana lys i s  deve loped  in  re ference  5 to  include such 
va r i a t ions  a re  g iven  in  Appendix A of this  report .  Experimental ly ,  it was 
shown from near-wake s tudies  given in  reference 5 for tapered geometry and 
reference 7 for  shear  f lows that  each spanwise region sheds vort ices  a t  
roughly the frequency expected for a two-dimensional flow with the same l o c a l  
conditions.  L i f t  f o rce  f luc tua t ion  no longer has the same fl-equency a t  a l l  
spanwise posit ions.  Acoustic radiation a t  a given frequency should depend 
not on the product  of  local  correlat ion length and t o t a l  span but on t h e  
product  of  local  correlat ion length and tha t  por t ion  of the span for which 
s ign i f i can t  fo rce  f luc tua t ions  occur  a t  the selected frequency. Thus an  
additional length scale occurs for problems with spanwise nonuniformity. 
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This length may be  p ropor t iona l  t o  co r re l a t ion  l eng th  or acoustic wavelength. 
It must approach the model span as nonuniformity becomes negl ig ib le  and 
presumably approaches the correlation length as spanwise variations become 
l a rge .  
It i s  usual ly  assumed that amplitude and spectrum shape of vortex noise 
from rotating blades could be computed from standard acoust ic  theory i f  values 
for l o c a l  l i f t  force fluctuation spectrum and cor re la t ion  length  were known 
a t  a l l  r ad ia l  pos i t i ons .  These quant i t ies  a re  eva lua ted  for  a constant-chord 
a i r f o i l   i n  uniform nonrotating flow a t  the  same r e l a t i v e  Mach number and 
Reynolds number. Previous analyses of overall  acoustic intensity from 
ro ta t ing  cy l indr ica l  rods  ( re fs .  8 and 9)  have regarded the rms lift 
coe f f i c i en t  and t h e  r a t i o  of phase correlation length t o  rod diameter as 
constant along the radius.  When contributions of a l l  segments t o  o v e r a l l  
vortex noise were summed, t he  r e su l t i ng  sum of  length scales  was taken equal 
t o  the  ro t a t iona l  r ad ius .  However, spectrum  shape  cannot be pred ic ted  unt i l  
a method fo r  e s t ima t ing  th i s  l eng th  i s  developed. Some analyses have assumed 
tha t  the  phase  i s  precisely coherent along each segment which r ad ia t e s  a t  a 
given frequency. Correlation length i s  then taken t o  be the length of  such a 
segment. Two unevaluated assumptions are made wi th in  th i s  ana lys i s .  
Quantit ies evaluated for spatially uniform geometry and flow a r e  assumed t o  
apply  for  a nonrotating but spanwise varying flow or geometry, and quan t i t i e s  
associated with vortex shedding i n  a r o t a t i n g  flow a re  assumed equa l  t o  those  
for nonrotating flow. Neither of these assumptions had been  examined  by 
a c t u a l  comparisons with data. The rotat ing-blade vortex noise  data  of 
references 1 and 2 provided a g o d  s t a r t i n g  p l a c e  for such a study. Acoustic 
r ad ia t ion  da ta  and surface correlation lengths for constant-chord and tapered- 
chord nonrotat ing blades tes ted in  a uniform flow would a l s o  be needed. Such 
data could be obtained in an acoustic wind tunnel  and u t i l i z e d  t o  check the 
assumptions i n  going from a cons tan t  to  a spanwise-varying expected vortex 
tone frequency. The ana lys i s  which predicts  acoust ic  radiat ion for  spanwise-  
varying geometry i n  a uniform flow could then be u t i l i z e d  t o  p r e d i c t  v o r t e x  
spectra for untapered rotating blades, for comparison with the data of 
references 1 and 2. 
~ _._ . . . ... 
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SYMBOLS 
Values are given in  both S I  and U.S. Customary Units. The measurements 
were made i n  U.S. Customary Units. 
A 
b 
B 
C 
C O  
D 
E 
f 
f , g 
F, G 
I 
k 
K 
L 
L 
QY 
M 
n 
P 
Proport ional i ty  constant  , m-2 ( f t - 2 )  
Cylinder or a i r f o i l  model span, m ( f t )  
Number of rotor blades 
Air fo i l  chord ,  rn ( f t )  
Speed of  sound, m/sec ( f t / s e c )  
Cylinder diameter , m ( f t )  
Spec t r a l  dens i ty  of mean square  ve loc i ty  f luc tua t ion ,  rn2/sec 
( f t2 / sec )  
Frequency, Hz 
Sharply peaked and broadly peaked arbitrary functions of frequency 
Fourier transforms of frequency functions 
Acoust ic   intensi ty ,  Watts/m2 ( l b / f t  4 s e e )  
Wave number, 2rr/h, m - l  ( f t - l )  
Root mean square lift coeff ic ient  per  uni t  span 
Phase cor re la t ion  length ,  m ( f t )  
L i f t  per unit  span, N/m ( l b / f t )  
L i f t  force correlat ion length,  rn ( f t )  
Mach number, V/c, 
Arbi t ra ry  in teger  
S ta t ic  pressure ,  N./m2 ( l b / f t 2 )  
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Pref  
PS 
Pte  
9 
r 
R 
RLL 
RPP 
SE 
s~~ 
sPP 
s~~ 
st 
t 
-. 
V -  
3 
V 
vt  
% 
Reference pressure for sound and sur face  pressure  leve ls ,  
2 x 10%/m2 (4.18 x 10-7 l b / f t 2 )  
Free s t ream stat ic  pressure,  N/m2 ( l b / f t 2 )  
Far  f ie ld  acoust ic  pressure,  N/m2 ( l b / f t 2 )  
Maximum f luc tua t ing  pressure  a t  a i r f o i l   t r a i l i n g  edge, 
N/m2 ( l b  /f t2 ) 
Fluctuat ing pressure on a i r f o i l  s u r f a c e ,  N/m2 ( l b / f t  ) 2 
Fluctuat ing pressure on a i r f o i l  t r a i l i n g  e d g e ,  N/m2 ( l b / f t  ) 
Dynamic pressure,  ($)pV2, N/m2 ( l b / f t 2 )  
Radia l  d i s tance ,  m ( f t )  
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Far-f ie ld  dis tance,  m ( f t )  
Autocorrelation of l i f t  force spectrum 
Autocorrelation of far-field acoustic pressure spectrum 
Amplitude of e f fec t ive  Sears  func t ion  for  lift force in  turbulence 
Power s p e c t r a l  d e n s i t y  of lift f o r c e ,  8 s e c 2  ( l b 2 s e c 2 )  
Power spec t r a l  density of  fa r - f ie ld  acous t ic  pressure ,  
N2sec2/m2 ( lb2sec2/ f t2)  
Maximum power spec t ra l  dens i ty  of pressure on a i r f o i l  t r a i l i n g  e d g e ,  
N2sec2/m2 ( lb2sec2/ f t2)  
Strouhal number , f'D/V 
Time , sec 
Mean square t ransverse veloci ty  f luctuat ion,  m2/sec2 ( f t2 / sec2)  
wee  s t r eam ve loc i ty ,  m/sec ( f t / s e c )  
Tip  ro ta t iona l  ve loc i ty ,  R D / 2 ,  m/sec ( f t / s e c )  
Velocity component in  angular  d i rec t ion ,  m/sec ( f t / s e c )  
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X Chordwise d is tance ,  m ( f t )  
Y Spanwise dis tance,  m ( f t )  
a Angle of a t tack ,   deg ,   a l so   a rb i t ra ry   cons tan t  
B 
r 
6* 
A f  
A 
V 
Angular reduced frequency, rad/sec 
Circulat ion , m2/sec (&/,e,) 
Laminar boundary layer displacement thickness,  m ( f t )  
Frequency bandwidth, Hz 
Cyl inder  sur face  s ta t ic  pressure  f luc tua t ion ,  N/m2 (1b/ f t2)  
Rectangular coordinates downstream, upward, and  spanwise, m ( f t)  
Direction angle from upstream, deg 
Acoustic wavelength, co/f, m ( f t )  
Turbulence integral  scale length,  m ( f t )  
Kinematic viscosity,  m2/sec ( f t 2 / s e c )  
Spanwise dis tance,  m (ft) 
Density, N scc2/m4 (lb sec2/ f t4)  
Time delay, sec 
CP Side l ine   angle ,   sec ,   a l so   ve loc i ty   po ten t ia l   func t ion  
m'/sec ( f t2 / sec  
4J Phase angle,  rad 
u) Angular  frequency,  rad/sec 
wO Normalizing  a ular  frequency,  rad/sec 
R Blade ro ta t ion   angular  fYequency, rad/sec 
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APPARATUS AM) PROCEDURE 
Acoustic Research Tunnel 
The UTRC acoust ic  wind tunnel permits the concurrent measurement of 
both near- and f a r - f i e l d  aerodynamic noise and the unsteady static pressures 
on s u r f a c e s  o f  a i r f o i l  models. A deta i led  descr ip t ion  of  th i s  tunnel  was 
given in  re ference  10. The acoust ic  research tunnel ,  shown i n  f i g u r e  1, is  
of the open-circuit  open-test-section type.  Use of an open c i r c u i t  and a 
muffling section with two right-angle bends and p a r a l l e l  baffles downstream of 
the  d i f fuse r  g rea t ly  r educes  the  con t r ibu t ion  o f  t he  tunne l  f an  to  the  tes t  
section ambient noise level.  The free-jet tes t  section has a two-stage 
nozzle that provides nominal m a x i m u m  ve loc i t i e s  of 120 m/sec (400 f’ps) and 
205  m/sec (670 f p s )  a t  flow cross section areas of 0.93 and 0.42 s q  m (10 and 
4.5 sq f t ) ,  respect ively.  For these tests the smaller  cross  sect ion area,  
0.79 m (31  in . )  wide and 0.53 m (21 in.)  high, was used with a 2.75 m (9  ft) 
open j e t  length .  In  th i s  pos i t ion  the  nozz le  was ro ta ted  goo from i t s  usual 
pos i t ion ,  so t h a t  l a rge r  model spans  could  be i n s t a l l e d .  The in le t  cont rac-  
t i o n  r a t i o  was 16.5 fo r  t h i s  nozz le .  By l oca t ing  the  f r ee  j e t  w i th in  a 5.5 m 
(18 f t )  long, 4.9 m (16 f t )  high, and 6.7 m (22 f t )  wide anechoic chamber, 
reflection-free conditions are obtained above the 250 Hz f r ee - f i e ld  cu to f f  
frequency (99% absorp t ion  a t  normal incidence) determined by the  acous t ic  
wedge dimensions. The chamber has been found t o  be anechoic within a  200 Hz 
t o  20,000 Hz range of calibration frequencies for broadband noise .  Measure- 
ments can be taken  in  the acous t ic  fa r - f ie ld  wi th in  the  chamber b u t  outside 
the high-veloci ty  a i rs t ream. 
The upstream i n l e t  s e c t i o n  i s  equipped with five removable screens and a 
large length-to-diameter honeycomb sect ion.  These provide controlled turbu.- 
lence levels  wi th  a minimum value less than 0.2% in  the  t e s t  s ec t ion .  Gr ids  
and turbulence-generating airfoils can be inser ted  a t  the junct ion of  the 
two nozzle  contract ions to  provide a range of turbulence levels and wake 
p ro f i l e s .  The t e s t  s ec t ion  a i r f low i s  brought  into the diffuser by  a 
collector that  has anechoic treatment on i t s  flow-impingement l ip .  Triangular  
t a b s  a r e  a t t a c h e d  t o  t h e  n o z z l e  e x i t  t o  produce a s p a t i a l l y  nonuniform shear 
layer .  This nonuniformity prevents generation of feedback tones caused by 
impingement of t he  shea r  l aye r  aga ins t  t he  co l l ec to r  l i p  a t  moderate and high 
subsonic  speeds. The tes t  sec t ion  co l lec tor  and three-s tage  d i f fuser  have 
been designed t o  avoid local  flow separation. The 1500 hp e l ec t r i c  i nduc t ion  
motor and the acoust ical ly  l ined muff l ing sect ions upstream of  the centr i fu-  
gal fan were selected to reduce noise radiated from the  tunne l  d r ive  system. 
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Nonrotating Blade Models 
Two c i r cu la r  c ros s  sec t ion  and t h r e e   a i r f o i l  models were used i n   t h i s  
inves t iga t ion .  A l l  of these  models  had 78.7 cm (31 in.)  span plus  a 
rec tangular  por t ion  of  6.35 cm (2.50 in.) span a t  each end that protruded 
through tunnel sidewalls and was b o l t e d  t o  a massive support frame. These 
models a re  ske tched  in  f igure  2 .  One c i r cu la r  c ros s - sec t ion  model  had 5.08 
cm (2.00 in.) constant diameter and the other had l i n e a r  2 : l  t a p e r  f'rom 
5.08 cm (2.00 i n . )  t o  2.54 cm (1.00 in.) diameter. This 1.85O included angle 
cone f r u s t u m  was intended to  provide a doubling of expected vortex shedding 
frequency along the span in uniform flow. Data fo r  t h i s  conf igu ra t ion  were 
expected to  s imula t e  the  spanwise va r i a t ion  of vortex shedding frequency along 
the outer half  of the 1.525 m (5.0 f t )  r o t a t i o n a l  radius of the constant-  
diameter  rotat ing rod. 
The t h r e e  a i r f o i l  models, shown i n  f i g u r e s  2 and 3, a l l  had NACA 0012 
a i r fo i l  sec t ions  in  s t reamwise  p lanes .  One had constant 11.43 cm (4.50 i n . )  
chord, another had l i n e a r  2 : l  t a p e r  from 15.24 cm (6.00 i n . )  t o  7.62 cm 
(3.00 in . )  chord,  and t h e  t h i r d  had l i n e a r  4 : l  t aper  from 18.29 cm (7.20 i n . )  
t o  4.51 cm (1.80 in.)  chord.  The 5% chord l i n e s  were  normal t o  t h e  flow and 
were located 35.5 cm (14.0 in .  ) downstream of the  nozz le  ex i t  p lane .  These 
models were intended t o  provide different spanwise gradients of expected 
vortex tone frequency, for comparison with vortex tone spectra for r o t a t i n g  
constant-chord blades wi th  NACA 0012 a i r f o i l  s e c t i o n s .  
I n  a d d i t i o n  t o  t h e s e  a i r f o i l  models, three simple wake-generating 
models were  used.  These had 1.07 m (42 in.) span and were i n s t a l l e d  a t  t h e  
junction of the two nozzle stages,  1.89 m (48 i n . )  upstream of the  nozz le  . ex i t  
plane. One model was a 5.08 cm (2.00 in . )  diameter  cyl inder  and another was 
an 11.4 cm (4.5 i n .  ) chord NACA 0012 a i r f o i l .  Because t h e  wake ge.nerated by 
t h i s   a i r f o i l  was r e l a t i v e l y  weak a t  the downstream a i r f o i l  l o c a t i o n ,  a 44.5% 
t h i c k n e s s  r a t i o  a i r f o i l  w i t h  t h e  same chord as t h e   a i r f o i l  and t h e  same 
maximum thickness as the  cy l inde r  was u t i l i z e d  i n s t e a d .  T h i s  a i r f o i l  was 
b u i l t  by adding a shee t -meta l  fa i r ing  to  a c i r cu la r  cy l inde r  and did not have 
a s t anda rd  a i r fo i l  s ec t ion .  
Instrumentation 
Far - f ie ld  acous t ic  spec t ra  were measured wi th  microphones loca ted  a t  f i v e  
pos i t ions  on an arc of 2.25 m (7.38 f t )  rad ius  i n  a ver t ica l  p lane  a t  midspm. 
The cen te r  o f  t h i s  a r c  was a t  midchord  of t h e  models.  Microphones  were 
placed a t  50°, 70°, go0, llOo, and  130° angu la r  pos i t i on  r e l a t ive  to  the  
upstream  flow  diameter.  These  commercially  available 0.635 cm (1/4 i n . )  
diameter condenser microphones were a t  grazing incidence and were used withcut 
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a pro tec t ing  gr id .  Rrequency response of these microphones is  f l a t  from 6 Hz 
t o  20,000 Hz. Free-f ie ld  direct ivi ty  correct ion at  grazing incidence of t h e  
microphone diaphragm i s  l e s s  t h a n  0.2 dB a t  frequencies t o  16,000 Hz and the  
s i g n a l  i s  about 0.5 dB t o o  large a t  20,000 Hz without the protecting grid.  
Atmospheric attenuation of the far-field acoustic signals was ca lcu la ted  as  
increasing from about 0,l dB a t  10,000 Hz t o  about 0.4 dB a t  20,000 Hz. 
Because th i s  co r rec t ion  i s  approximately equal in magnitude and opposite in 
d i r e c t i o n  t o  t h a t  f o r  f r e e - f i e l d  d i r e c t i v i t y  of t h e  microphones, corrections 
were no t  app l i ed  to  the  measured data .  A l l  f a r - f i e l d  microphones and 
surface pressure transducers were ca l ibra ted  da i ly  wi th  a 250 Hz pistonphone. 
Surface pressure spectra were measured wi th  two types of pressure 
transdncers.  One type consisted of a commercially-available  pressure- 
sensitive semiconductor and integrated-circuit Wheatstone bridge, attached t o  
a t h in  me ta l  fo i l .  These  gages  were 0.076 cm (0.030 in . )  t h i ck ,  had an  ac t ive  
area with 0.22 cm (0.085 in . )  diameter ,  and were cemented t o  t h e  s u r f a c e  of 
t h e  NACA 0012 a i r f o i l  models. A photograph of s i x  gages mounted near  the 
t r a i l i n g  edge of the constant-chord NACA 0012 a i r f o i l  i s  presented as  
f igu re  4. Wires from these gages were cemented along the a i r fo i l  t r a i l i n g  
edge and brought out through holes in  c i rcu lar  endpla tes  f l u s h  with the 
sidewalls.  The a i r f o i l  model shown i n  f i g u r e  3 has  been p i t ched  to  a large 
incidence angle to provide a b e t t e r  view  of the surface pressure gages.  The 
t r iangular  tabs  on the nozzle upper and lower l i p s ,  needed t o  avoid edge tones, 
a l s o   a r e   c l e a r l y   v i s i b l e .  
These thin gages had been at tached w i t h  a r e l a t i v e l y  weak cement s o  t h a t  
they could be moved t o   o t h e r  spanwise positions and other models without 
damaging the  semiconductor  active  element. Some of these  gages  detached 
from the  c i rcu lar  cy l inder  model a t  high test  airspeeds,  apparently because 
t h e  a i r f o i l  l i f t e d  t h e  forward  edge  of  the  bent  metal f o i l .  A 0.09 cm 
(0.035 in.)  deep and 0.635 cm (0.25 in.)  wide groove was therefore milled 
along the span of the constant-diameter cylinder and the tapered cylinder,  
centered a t  135’ from upstream, to  contain another  type of surface pressure 
transducer.  These  semiconductor  integrated-circuit  gages  were mounted i n  a 
recessed  s tee l  basepla te  0.635 cm (0.25 in.) wide, 1.40 cm (0.55 in . )  long,  
and 0.09 cm (0.035 in.)  deep with the gage act ive surface f lush with the base-  
p l a t e  upper surface.  These  gages  could  be  cemented in  p lace  w i t h  a strong 
non-air-drying cement. Unoccupied por t ions  of  the  s lo t  were f i l l ed  with 
putty.  The s tee l  basepla te  could  be pr ied away frnm t h e  cement without 
damage t o   t h e  gage, allowing the gages t o  be moved t o  d i f f e r e n t  spanwise 
locat ions.  
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Test Conditions and Procedures 
Tests conducted with each model and no upstream wake generator 
genera l ly  compr ised  in i t ia l  runs  a t  airspeeds from about 30 m/sec (100 f t / s e c )  
t o  180 m/sec (590 f t / sec) ,  us ing  the  goo f a r - f i e l d  microphone t o  determine 
t rends of  noise  radiat ion.  For  a l l  da ta ,  a 100 Hz h igh-pass  f i l t e r  was 
u t i l i z e d  t o  remove tunne l  f an  d r ive  no i se  a t  f requencies  below t h e   l i n e r  
anechoic frequency. Narrowband spec t ra  were measured on-line and ve loc i ty  
was va r i ed  in  3 t o  6 m/sec (10 t o  20 f t /sec)  increments .  The r e s u l t i n g  mea- 
sured  var ia t ion  of  fa r - f ie ld  OASPL with  ve loc i ty  was examined t o  choose 
v e l o c i t i e s  a t  which detai led invest igat ions should be obtained. A t  those 
ve loc i t i e s ,  f a r - f i e ld  spec t r a  were measured on-line a t  a l l  f i v e  microphone 
pos i t i ons  a t  both constant and l/3 octave bandwidths. I n  some cases ,  the 
constant narrow bandwidth was varied so that  tone amplitudes could be 
determined in  the  presence  of  narrowband-random peaks. Surface pressure 
t ransducers  were then  a t t ached  to  the  model. Far - f ie ld  spec t ra  were obtained 
on- l ine  for  the 90' microphone. If they matched those obtained without sur- 
face gages and wires, surface pressure spectra and surface-to-surface cross- 
co r re l a t ion  were obtained on-line. If not ,  new f a r - f i e l d  data were a l s o  
taken. 
In  prel iminary tes ts  conducted w i t h  t h e  a i r f o i l s  a t  zero incidence,  tone 
noise was found t o  i n c r e a s e  and then decrease into the tunnel  background noise 
a t  r e l a t i v e l y  low ve loc i t i e s .  Th i s  r e su l t  had been expected from the tests 
descr ibed  in  re ference  11 i n  which noise data were presented for NACA 0012 and 
0018 a i r f o i l  models of larger chord. Tone noise  was shown t o  be associated 
with the presence of a laminar boundary layer over nearly the entire chord of 
a t  l e a s t  one s ide  o f  an  a i r fo i l .  A t  zero incidence,  the NACA 0012 a i r f o i l  
has an adverse pressure gradient downstream of 15% chord.  Increasing the 
t e s t  v e l o c i t y  and t h e r e f c x e  t h e  t e s t  Reynolds number causes boundary layer 
t r a n s i t i o n  i n  t h e  r e g i o n  of  adverse pressure gradient .  Therefore  the air foi l  
models a l s o  were t e s t e d  a t  4' incidence where minimum pressure i s  moved back 
t o  30% chord on the pressure surface and the adverse pressure gradient remains 
mild t o  50% chord. Tests a t  th i s  i nc idence  were conducted t o  v e l o c i t i e s  n e a r  
120 m/sec (400 f t / s e c ) .  The cons t an t - chord  a i r fo i l  i n  t he  wake of an upstream 
a i r f o i l  was t e s t e d  a t  15 m/sec (50 f t / s ec )  ve loc i ty  inc remen t s  t o  137 m/sec 
(450 f t / s e c )  and narrowband spectra of 6.4 Hz bandwidth from 0 t o  2000 Hz 
were taken on-line. 
Noise generated in  the  open- je t  t e s t  sec t ion  i s  r e f r ac t ed  a s  it passes 
through the shear layer on i t s  way b t h e  f a r - f i e l d  microphones. The required 
c o r r e c t i o n  t o  measured far-f ie ld  ampli tude and d i rec t ion  angle  i s  a funct ion 
of Mach number, measurement d i rec t ion ,  and  d is tance  of  the  sound source from 
the shear  layer. A derivat ion of  the correct ion method had been presented in 
reference 12. Data measured a t  90' d i r e c t i o n  have generally not been 
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corrected because the calculated change i n  amplitude i s  l e s s  t h a n  0.2 dB. 
C i t e d  d i r e c t i v i t y  comparisons have been conducted a t  low v e l o c i t i e s  a t  which 
t h i s  c o r r e c t i o n  i s  neg l ig ib l e .  Tones radiated through the shear  layer  would 
be expected t o  be scat tered through a range of frequency proportional t o   t h e  
r a t i o  of turbulent eddy s i z e  t o  a c o u s t i c  wavelength. This effect i s  believed 
t o  be unimportant for  the tone frequencies  and bandwidths studied i n  these  
tests. 
Hot-wire surveys were taken a t  the  cen te r  o f  t he  t e s t  s ec t ion  wi th  the  
wake-generating cylinder and wake-generating a i r f o i l  l o c a t e d  upstream. 
Streamwise rms turbulence  leve ls  in  the  cy l inder  wake were about 3 .yo, 3.6%, 
and  3.2% a t  40, 63, and 100 m/sec (131, 206, and 328 f t / s e c )  v e l o c i t i e s .  These 
levels are approximately given by the empirical equation 0.08 U-I /5  where U i s  
the  ve loc i ty  i n  meter per second. A decrease  of  in tens i ty  wi th  ve loc i ty  to  the  
inverse l/5 power was previously found i n  measurements of grid-generated 
turbulence within this  wind tunnel. Turbulence spectra contained a weak spike 
a t  a Strouhal number of 0.2 referenced to  cyl inder  diameters  and a x i a l  v e l o c i t y  
a t  the upstream cylinder location. This was superimposed on a spectrum  which 
decayed  smoothly i n  t h e  manner expected for isotropic turbulence.  The stream- 
wise integral  scale  length a t  a l l  v e l o c i t i e s  was about 4.5 cm (1.8 i n .  ) which 
i s  about 0.9 diameters .  In  cont ras t ,  ax ia l  spac ing  between vo r t i ce s  of a 
Karman vor t ex  s t r ee t  would be about 4 diameters. Wake p r o p e r t i e s  a t  t h e  t e s t  
distance considerably downstream of the wake-generating cylinder were 
the re fo re  typ ica l  of conventional turbulence rather than of a near-wake Karman 
vor t ex  s t r ee t .  
During i n i t i a l  measurements with an 11.4 cm (4.5 i n .  ) chord NACA 0012 
airfoi l  located upstream, the wake  was found t o  be only about 3 cm (1.2 i n . )  
t h i c k  and t o  have m a x i m u m  streamwise rms turbulence intensi t ies  near  0.4%. 
The result ing expected noise caused by incidence fluctuation was ca lcu la ted  
t o  be less than the t es t  sec t ion  background noise. Therefore a 44.5% 
t h i c k n e s s  r a t i o  a i r f o i l  w i t h  t h e  same 11.4 cm chofd as t h a t  of the constant-  
chord a i r f o i l  and t h e  same 5 cm diameter as tha t  of the constant-diameter 
cylinder was t e s t e d .  Measured rms streamwise turbulence levels  in  the wake 
of t h i s  a i r f o i l  were 4.8$, 4.2%,  and 2.7% a t  40, 63, and 100 m/sec (131, 206, 
and  328 f t / s e c )  v e l o c i t i e s .  These turbulence levels  can  be  approximated  by t h e  
empirical equation 0.30 U-1/2 where U i s  the  ve loc i ty  i n  meters per second. 
The turbulence levels decayed more r ap id ly  w i t h  increasing veloci ty  than those 
for  the  cy l inder  wake b u t  were generally about the same amplitude. Spectra 
contained a weaker spike than was measured for  the  cy l inder  wakes, a t  t h e  
same frequency.  Streamwise  integral  scale  lengths were  about 4 .1  cm (1.6 i n . )  
or  about 10% l e s s  t han  fo r  t he  cy l inde r .  These turbulence levels ,  and t h e  
r a t i o  of  turbulence scale  length to  a i r foi l  chord,  were bel ieved large enough 
t o  produce measurable noise when convected past the downstream a i r f o i l .  
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DISCUSSION OF NONROTATING BLADE DATA 
Circular Cross Section Models 
Available information. - Numerous experimental  s tudies  have  been 
conducted of fluctuating forces on constant-diameter  c i rcular  cyl inders  in  
uniform  flow. A summary o f  t h e s e  r e s u l t s  f o r  s u b c r i t i c a l  Reynolds numbers and 
d iscuss ion  of  the i r  appl ica t ion  to  pred ic t ing  noise  from aircraf t  landing gear  
was given in  pp 24-28 of reference 13. It was noted that  the wake flow  con- 
ta ins  per iodic  d is turbances  of a Karman vor t ex  shee t  a t  subc r i t i ca l  Reynolds 
numbers between roughly lo3 and lo5 but becomes ape r iod ic  a t  l a rge r  Reynolds 
numbers. A region of Reynolds number near 10 6 produces no dominant frequency 
within +,he wake ( r e f .  14)  b u t  per iodic  s t ruc ture  i s  e s t a b l i s h e d  a t  l a r g e r  
Reynolds  numbers.  Current  nomenclature  describes  the  region  of  Reynolds 
numbers between roughly 5 x 10 4 and 5 x lo5 as the lower c r i t i c a l  regime. A s  
the  boundary layer  separat ion point  osci l la tes  forward and af t  during the 
vortex shedding process, the boundary layer entering the wake i s  laminar dur- 
i ng  pa r t  of the cycle  and turbulent  in  the remainder .  Mean drag coeff ic ient ,  
rms lift coe f f i c i en t ,  and correlation length decrease with increasing Reynolds 
number i n   t h i s  regime. A t r a n s c r i t i c a l  or plateau reglme occurs when the  
Reynolds number has become su f f i c i en t ly  l a rge  s o  tha t  t he  cy l inde r  boundary 
l aye r  t r ans i t i on  po in t  i s  upstream of the separation point 's  most forward 
excursion. Aerodynamic c o e f f i c i e n t s   a r e  minimum in   th i s   reg ion .   This  i s  
followed by an upper c r i t i c a l  regime and f i n a l l y  by the supercrit ical  regime 
where  aerodynamic coef f ic ien ts  a re  cons tan t  a t  l eve l s  somewhat larger  than 
those of the  p la teau .  
Variat ions of measured rms lift coe f f i c i en t  and co r re l a t ion  l eng th  in  the  
lower c r i t i c a l  and t ranscr i t ica l  reg imes  a re  g iven  in  f igures  5 and 6 for  the  
data of references 15-21 for low-turbulence incident flow. A summary  of 
measured rms l i f t  coef f ic ien t  da ta  for  smooth cyl inders  wi th  low-turbulence 
upstream  flow i s  g iven  in  f igure  5 .  Regions represent ing the scat ter  of 
repeated measurements a t  c o n s t a n t  Reynolds number a r e  shown for  references 15,  
16, 17, and  20.  Contrary t o  t h e  d a t a  of reference 19, rms lift coe f f i c i en t  
appears t o  decrease from approximately constant values near 0.5 a t  Reynolds 
numbers less  than  4 x 10 4 t o  values between 0.05 and 0.15 a t  Reynolds numbers 
near 4 x 105. This  region also exhibi ts  a rapid decrease of mean drag 
coefficient with increasing Reynolds number. Power spec t r a l  dens i t i e s  of 
sur face  pressure  ( re fs .  17 and 18) and lift f o r c e  a t  Reynolds numbers  from 
2 x lo5 t o  4 x lo5 ( r e f s .  15 and 17) were sharply peaked a t  t h e  c r i t i c a l  
Strouhal number near 0.2. Increasing the Reynolds number t o  t h e  p l a t e a u  
region near 6 x lo5 and the upper c r i t i c a l  r e g i o n  n e a r  1 x LO6 caused the l i f t  
force  spec t ra  ( re f .  17) t o  be r e l a t i v e l y  f l a t  below t h e  c r i t i c a l  S t r o u h a l  
number, t o  decay less  rapidly w i t h  increasing Strouhal number from roughly 
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0.2 t o  0.4, and t o  have a second peak a t  a Strouhal number of about 0.45 t o  
0.5. Fu r the r  i nc rease  to  supe rc r i t i ca l  Reynolds numbers res tored  the  sharp  
peak a t  a Strouhal number near 0.2, a l though considerable  intensi ty  remained 
below tha t  S t rouhal  number. The important  resul t  i s  t h a t  f o r  Reynolds numbers 
from 1.85 x 105 t o  4.15 x lo5 corresponding t o  b l a d e  t i p  c o n d i t i o n s  f o r  t h e  
cylinder blades of reference 1, rms l i f t  coeff ic ient  a long the blade decreased 
with increasing Reynolds number and t h e  l i f t  force spectrum remained sharply 
peaked a t  t h e  c r i t i c a l  S t r o u h a l  number. The l i f t  coefficient behavior is  
shown i n  f igu re  5 t o  be ap roximated by constant values of 0.5 a t  s u b c r i t i c a l  
Reynolds numbers t o  3 x loE, 0.1 a t  p la teau  Reynolds numbers above 3 x 105, 
and exponential decay (a s t r a i g h t  l i n e  on semilogarithmic graphs) between 
them. 
Free-stream turbulence had been found ( r e f .  18) t o  reduce the rms lift 
c o e f f i c i e n t  a t  Reynolds numbers near 1 x lo5 but  to  cause  no reduction a t  
2.4 x 105. Using those data,  three straight-l ine segments shown as dash l ines  
i n  f igu re  5 were a r b i t r a r i l y  assumed f o r  t h e  v a r i a t i o n  of rms lift coe f f i c i en t  
with Reynolds number f o r  a cy l inder  in  the  turbulen t  wake of an upstream 
cylinder.  Below a Reynolds number of 3 x 105, the  amount by which rms l i f t  
coe f f i c i en t  exceeded 0.1 was a r b i t r a r i l y  halved from i t s  value in  smooth flow. 
Measured r a t i o s  of spanwise cor re la t ion  length  to  cy l inder  d iameter  a re  
given in  f igure 6 f o r  smooth cyl inders  with smooth upstream  flow. Some of 
these  da ta  were obtained from surface pressure measurements a t  d i f f e r e n t  
spanwise posi t ions (refs .  17 and 18) and o thers  from  spanwise t r ave r ses  of 
hot  wires  in  the near  wakes ( r e f s .  20 and 21) .  Correlation length decreased 
from about 4.5 d iameters  in  subcr i t ica l  flow t o  l e s s  t h a n  one diameter in the 
plateau regime and then increased to  about  one diameter a t  s u p e r c r i t i c a l  
Reynolds  numbers. A s  wi th  the  rms l i f t  c o e f f i c i e n t ,  t h i s  va r i a t ion  was 
a r b i t r a r i l y  approximated fo r  l a t e r  ca l cu la t ions  by  s t r a igh t - l i ne  segments on 
semilogarithmic paper. Turbulent flow with a scale  length much smaller than 
the diameter was  hown i n  reference 18 t o  decrease the correlat ion length,  and 
a r b i t r a r y  s t r a i g h t - l i n e  segments were assumed as before for turbulent f low. 
Acoustic energy radiated by fluctuating lift forces  on a c i r c u l a r  
cylinder i s  proport ional  to  the product  of v e l o c i t y  t o  t h e  s i x t h  power, rms 
l i f t  coeff ic ient  squared,  and correlat ion length to  the f i rs t  power.  Note 
that  an increase of  veloci ty  that  increased the Reynolds number from 3 x 10 4 
t o  3 x lo5 a t  constant geometry would produce a 60 dB increase of acoustic 
energy from the  ve loc i ty  dependence but roughly a 20 dB decrease from t h e  
dependence on l i f t  coe f f i c i en t  and correlat ion length.  Thus the expected 
behavior of dipole sound r a d i a t i o n  i n  t h i s  Reynolds number range could follow 
an apparent fourth power ve loc i ty  dependence. Turbulence would be expected 
t o  reduce the sound radiation, with largest  reductions a t  low Reynolds numbers. 
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Far-field acoustic measurements. - Strong tone-like peaks were 
observed t o  dominate over t he  broadband n o i s e  l e v e l s  i n  t h e  far f i e l d  spec t ra  
by 10 t o  20 dB. This i s  i l l u s t r a t e d  i n  f i g u r e  7 for the constant-diameter 
cy l inder .  These t y p i c a l  narrowband spectra,  covering a range of  veloci t ies ,  
were measured a t  90' t o   t h e  flow without an upstream turbulence generator. 
Visual ly ,  the spectral  peaks in  each f igure suggest  a pure tone 
generating mechanism wi th  un i ty  bandwidth. However, t h i s  concept required 
v e r i f i c a t i o n  t o  i n s u r e  t h a t  t h e  measured sound pressure  leve ls  were 
independent of the analysis bandwidth. A simple t e s t ,  i n  which  various  band- 
widths were selected to analyze the same spec t r a ,  showed t h a t  sound pressure 
level  increased as ana lys i s  bandwidth was increased. Eventually a constant 
amplitude was reached, indicating that the analyzer bandwidth had  become 
larger than the tone bandwidth.  These r e s u l t s  showed t h a t  t h e  peaks  were  not 
pure tones but rather were narrowband-random with approximately a 22 Hz band- 
w i d t h .  Q u a l i t a t i v e l y ,  t h i s  f a c t  can  be appreciated by comparing the  da ta  
with the spectrum of an electronical ly  generated pure tone a t  t he  same 
measurement bandwidth. A s  f igu re  7 shows , the tone -l ike peaks were broader 
than the pure tone.  Based on t h e s e  r e s u l t s ,  a l l  measured l e v e l s  were 
corrected by 10 log  22 t o  account for the finite tone bandwidth.  Note t h a t  
t he  spec t r a  in  f igu re  7 have already been corrected. 
While t e s t i n g  t h e  models w i th  c i r cu la r  c ros s  sec t ions ,  it became evident 
that surface roughness was an important  parameter  inf luencing the far  f ie ld  
narrowband spectra.  Figure 8 i l l u s t r a t e s  t h e  s i t u a t i o n  f o r  t h e  2 :1 tapered 
c y l i n d e r  a t  79 m/sec (260 f t / s e c )  (3 x lo5 Reynolds number based on the  
maximum diameter) before and a f t e r  machining the transducer groove. The 
transducer groove , loca ted  a t  135' from the forward stagnation point,  had been 
c a r e f u l l y  f i l l e d  w i t h  wax t o  produce a smooth contour. Despite extensive 
e f f o r t s  t o  o b t a i n  a smooth sur face ,  the  sur face  roughness  a t  th i s  pos i t ion  was 
s u f f i c i e n t  t o  a l t e r  t h e  s p e c t r a .  T h i s  i s  ev iden t  i n  the  f ac t  t ha t  a l toge the r  
different tones dominated the two spec t ra .  To fu r the r  check  th i s  phenomenon 
the tapered cyl inder  was r o t a t e d  t o  l o c a t e  t h e  groove a t  t h e  r e a r  s t a g n a t i o n  
poin t .  Again the  spec t r a  changed, although the new spectrum more c l o s e l y  
simulated  the  original  clean-cylinder  spectrum. These observat ions  ver i f ied 
t h a t  t h e  spanwise va r i a t ion  of the vortex shedding mechanism was s e n s i t i v e  t o  
surface roughness in the Reynolds number regime investigated here.  
The importance  of  surface  roughness was dramatically demonstrated for 
the tapered cyl inder  on an extremely cold and humid day during this  winter  
t e s t  program. Af t e r  s t a r t i ng  the  tunne l ,  a t e s t  p o i n t  from the previous day 
was se l ec t ed  fo r  a check  o f  da t a  r epea tab i l i t y .  In i t i a l ly  t h i s  provided good 
agreement with the previous day's results. When the spectrum for  this  
ve loc i ty  was analyzed somewhat l a t e r ,  t h e  dominant  tone  had  changed. A s  
f i g u r e  9 shows , t h e  f a r - f i e l d  s p e c t r a  a t  goo t o   t h e  flow continued t o  change 
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as time progressed. The tunnel  was shutdown  and an inspect ion of  the cyl inder  
showed t h a t  f r o s t  had  formed on the cyl inder  surface.  The time-dependent s u r -  
face roughness had thus  a l te red  the  fa r - f ie ld  nar rmband spec t ra .  Based on 
these  r e su l t s ,  ca re  was exe rc i sed  to  ensu re  tha t  f ros t  fo rma t ion  d id  no t  
occur during testing. 
There e x i s t s  one s tudy  i n  t h e  l i t e r a t u r e  which subs tan t ia tes  the  
influence of surface roughness on vortex shedding. Using flow visualization, 
reference 17 showed tha t  t he  sepa ra t ion  po in t  on a constant-diameter cylinder 
moved forward when surface roughness was applied. This occurred a t  Reynolds 
numbers from 2.6 x lo5 t o  6.5 x lo6 with a surface roughness t o   c y l i n d e r  
d iameter  ra t io  as small as 0.025. The result sugges t s  t ha t  t r ans i t i on  to  
turbulence  in  the  wake w i l l  occur sooner thereby changing the spanwise 
coherence of the vortex structure.  This would, in  tu rn ,  a l te r  the  spanwise  
coherence of fluctuating pressure on the cylinder surface which radiates 
a c o u s t i c a l l y  t o  t h e  far f i e l d .  
The above examples stress the importance of surface roughness on the  
vortex shedding mechanism and the far-f ie ld  acoust ic  spectra .  Where 
appl icable ,  t h i s  phenomenon w i l l  be emphasized in  the fol lowing discussion 
of the data. 
The constant-diameter cylinder was tes ted  wi th  low upstream turbulence 
flow  and in  the  tu rbu len t  wake of an upstream cylinder. For the low turbulence 
condi t ion  the  fa r  f ie ld  acous t ic  spec t ra  d isp layed  tone- l ike  peaks  a t  
ve loc i t i e s  below 46 m/sec (150 f t /sec) .  This  i s  i l l u s t r a t e d  by the typical  
narrowband spectrum i n  f i g u r e  7, measured a t  90' t o  the  flow d i r ec t ion  and 
2.25 m. (7.38 f t )  above the center  of  the model. The data were obtained prior 
t o  machining the transducer groove in the cylinder surface. It should be 
noted that  the ampli tudes in  f igure 7 have been corrected for  the f ini te  tone 
bandwidth using the procedure discussed earlier. 
A s  t he  ve loc i ty  was increased t o  50 m/sec (164 ft /sec) the tone bandwidth 
broadened and the amplitude decreased as shown i n  f i g u r e  7. Amplitudes 
strengthened again with a small  increase of ve loc i ty  as  ind ica ted  by the 
61 m/sec (200 ft /sec) spectrum. However, as  ve loc i ty  was increased above 
67 m/sec (220 f t /sec)  the tone sound pressure level  decreased rapidly as 
indicated by the 81 m/sec (265 f t /sec)  spectrum. Addit ional  increases  in  
veloci ty  yielded spectra  such as shown fo r  98 m/sec ( 3 2 0  f t / s e c )  i n  which the  
tone peak began t o  merge with the tunnel  background noise  leve l .  However, 
when ve loc i ty  was increased from 149 m/sec (490 f t / s e c )  t o  155 m/sec 
(510 f t / s e c )  t h e  sound pressure level  abrupt ly  increased by 40 dB. A t  these  
ve loc i t i e s  t he  measured amplitudes were close to  those  p red ic t ed  us ing  a 
sixth-power velocity extrapolation from the low-velocity data.  
The above described trends of the dominant tone sound p res su re  l eve l  
are shown i n  f i g u r e  10 as a function of veloci ty .  As before,  the data have 
been corrected for t h e  f i n i t e  t o n e  bandwidth.  Variations of the overall  
sound pressure l e v e l  (OASPL) measured between 200 1% and 5,OGO Hz a r e  a l s o  
given. 
When the upstream turbulence generator was mounted wi th in  the  tunnel  
nozzle,  streamwise turbulence levels of about 3.9% and streamwise integral  
length scales of 0.89 diameters were measured a t  t h e  t e s t  s e c t i o n  l o c a t i o n .  
These measurements were conducted with hot wires over the velocity range of 
40 t o  100 m/sec (131 t o  328 ft /sec).  Radiated noise from the constant-  
diameter cylinder located i n  the  turbulen t  wake was approximately 1.5 dB 
lower in amplitude than that for the low-turbulence upstream flow condition, 
as  shown i n  f i g u r e  10. Also,  the previously observed tone-like peaks in the 
spectrum  broadened  consideraly. It should  be  noted that  the ampli tudes 
p l o t t e d  i n  f i g u r e  10 have been corrected for the analyzer bandwidth rather 
than the narrowband-random tone bandwidth. This follows since the peaks now 
represent  a broadband  source mechanism. A s  the  veloci ty  increased beyond 
100 m/sec (328 f t / sec)  the  fa r - f ie ld  noise  decreased  in to  the  tunnel  back-  
ground noise.  However, the  abrupt  increase  in  sound pressure  previously 
observed near 150 m/sec (500 ft /sec) occurred again.  
The 2 : l  tapered cyl inder ,  when compared to  the constant  diameter  
cylinder, produced a number of  tone- l ike  peaks  in  the  fa r - f ie ld  acous t ic  
spec t ra .  As shown i n  f i g u r e  11, a t  159 m/sec (520 ft /sec) the spectrum for 
t h i s  v e l o c i t y  c o n t a i n e d  s i x  d i s t i n c t  narrowband-random peaks. Details of 
the frequency behavior w i l l  be discussed shortly.  The measurements  were made 
p r i o r  t o  machining the transducer groove using the same experimental  setup as 
in the constant-diameter cylinder test .  Amplitudes of the strongest far-field 
peak and the  OASPL a re  p lo t t ed  in  f igu re  12 for  the tapered cyl inder  over  a 
range of velocit ies.  Sound pressure levels  have been  corrected  for  the 
f i n i t e  t o n e  bandwidth. Strength of the dominant tone and OASPL varied roughly 
a s  v e l o c i t y  t o  t h e  s i x t h  power, a s  shown by t h e  s t r a i g h t  l i n e s  i n  f i g u r e  12. 
Severa l  in te rpre ta t ions  of  the  fa r - f ie ld  sound pressure levels  can now 
be given. In the case of the constant-diameter cylinder without the upstream 
turbulence generator,  the tone sound pressure level increased and decreased 
over the velocity range investigated rather than progressively increasing. 
This i s  expla ined  in  view of  the  resu l t s  in  re ferences  13 and 14. These show 
t h a t  f o r  a cy l inder  there  ex is t s  a Reynolds number range lo3 t o  lo5 over which 
periodic wake disturbances occur followed by a Reynolds number regime near 
10 6 which produces no vortex shedding. A t  even larger Reynolds numbers, the 
per iodic  wake s t ruc tu re  i s  again establ ished.  
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The present cylinder data span the Reynolds number range from 1 x lo5 t o  
6.5 x 105. It i s  poss ib l e  tha t  t he  i n i t i a l  increases  in  tone sound pressure 
level over the range 1 x 105 t o  2 x 105 occurred  in  the  subcr i t ica l  reg ion  i n  
which vortex shedding i s  known t o  e x i s t .  I n  cont ras t ,  the  reg ion  2.5 x lo5 t o  
5.5 x 105, i n  which t h e  sound pressure level decreased by as much as 20 dB, 
might then correspond t o  t h e  regime i n  which vortex shedding becomes nonexis- 
t en t .  F ina l ly ,  t he  sudden increase i n  sound pressure level  above  Reynolds 
number 5.5 x lo5 would correspond t o  t h e  r e t u r n  of p e r i o d i c  s t r u c t u r e  i n  t h e  
wake. Admittedly,  the various transit ion Reynolds numbers a r e  lower than 
those suggested by references 13 and 14. However, t he re  i s  p resen t ly  
insuf f ic ien t  da ta  to  ind ica te  the  e f fec ts  of  sur face  roughness  on t r a n s i t i o n  
Reynolds number so t h a t  t h e  above arguments may descr ibe  the  s i tua t ion  
co r rec t ly .  
For the case of  the 2: l  tapered cyl inder  several  comments can be made. 
Due t o  i t s  tapered geometry, the local diameter a t  any spanwise pos i t i on  i s  
l e s s  t h a n  t h a t  of the constant-diameter cylinder. Thus a l l  bu t  one end  of 
the tapered cylinder would r e a c h  t h e  c r i t i c a l  t r a n s i t i o n  Reynolds numbers 
d iscussed  ear l ie r  a t  higher velocities than observed for the constant-diameter 
cyl inder .  This  suggests  that  the tone sound pressure  leve l  for  the  tapered  
cyl inder  should display t ransi t ion s imilar  to  those observed for the  cons tan t -  
diameter cylinder but a t  h igher  ve loc i t ies .  Poss ib ly  th i s  expla ins  the  
absence of any sudden t r a n s i t i o n  i n  the tone amplitudes plotted i n  f i gu re  12. 
Recal l  that  the constant-diameter  cyl inder  displayed several  such t ransi t ions,  
as shown in  f igu re  10. 
Figure 13 shows the  va r i a t ion  of t h e  f a r - f i e l d  dominant tone frequency 
with  velocity  for  the  constant-diameter  cylinder.  The upstream  turbulence 
generator was no t  i n s t a l l ed .  Over the veloci ty  range of 30 t o  50 m/sec 
(98 t o  164 f t / sec)  the  f requency  dependence was described by a Strouhal 
number of 0.18. Beyond t h i s  the Strouhal number increased s lowly unt i l  it 
reached 0.20 a t  76 m/sec (250 f t /sec) .  This  Strouhal  number range i s  
indicated by t h e  two s t r a i g h t  l i n e s  i n  f i g u r e  13. F ina l ly ,  when the  ve loc i ty  
was increased from 80 m/sec (250 f t / s e c )  t o  85 m/sec (278 f t / sec)  an  abrupt  
sh i f t  occur red  in  the  dominant  tone  frequency. It should  be  noted t h a t  t h e  
frequency jump from 240 Hz t o  400 Hz occurred near  the t ransi t ion veloci ty  
(or t r a n s i t i o n  Reynolds number) a t  which the tone ampli tude in  f igure 10 
began to  dec rease  and merge with the tunnel  background noise.  Beyond 
100 m/sec (328 f t / sec)  the  f requency  dependence was approximated by a Strouhal 
number of 0.20. 
For the 2: l  tapered cyl inder ,  the var ia t ion of tone frequency as a 
funct ion of  veloci ty  i s  shown i n  f i g u r e  14.  The strongest peak i s  represented 
by a s o l i d  symbol  and the second strongest by a t a i l e d  symbol. The r e s u l t s  
i n d i c a t e  t h a t  t h e  dominant tone frequency did not increase uniformly with 
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increas ing  ve loc i ty .  Ins tead ,  the  dominant  frequency  depended on which  of 
th ree  ve loc i ty  reg imes  was be ing  tes ted .  For t e s t  v e l o c i t i e s  i n  t h e  low 
range below 54 m/sec (210 f t / s e c )  or in  the  h igh  range  above 130 m/sec 
(430 f t / s e c )  , the  tone-l ike peak a t  the lowest frequency dominated and 
amplitude of successive peaks decreased as frequency increased. Only  two t o  
three  d is t inc t  peaks  occurred  in  the  low veloci ty  range.  The lowest 
frequency corresponded t o  a Strouhal number near 0.18 referenced t o  maximum 
diameter. The highest  frequency was somewhat less than would be given by 
tha t  S t rouhal  number and t h e  minimum diameter. The middle frequency was 
approximately their  geometric mean. Within the intermediate velocity range 
of 54 t o  113 m/sec (210 t o  370 f t / sec)  the  peak  a t  the next highest  frequency 
dominated the frequency spacing became i r r egu la r  and the number of peaks 
increased. A t  the  h ighes t  ve loc i ty  there  were six peaks,  spread between a 
Strouhal number of 0.20 r e fe renced  to  the  maximum and minimum diameters. 
Surface pressure measurements. - For surface transducers mounted on the  
constant-diameter cylinder a t  135' from the forward stagnation point, narrow- 
band spectra  of  the t ransducer  outputs  showed strong tone-like peaks.  The 
frequencies of the tones coincided with those of the dominant tones observed 
i n  concurrent ly  obtained far  - f ie ld  spectra .  Figure 15 shows the amplitude of 
the  sur face  pressure  f luc tua t ions  a t  the  tone  f requencies  as a function of 
spanwise posi t ion for  var ious veloci t ies .  The zero  spanwise  location i s  
re ferenced  wi th  respec t  to  the  center  of t h e  t es t  sec t ion  and model a s  
i l l u s t r a t e d  by the  small inser t  in  each  f igure .  The frequency of each tone 
i s  a l s o  shown i n  t h e  f i g u r e .  It should be noted  tha t  the  fa r - f ie ld  spec t ra  
were a l t e r e d  by the increased surface roughness due to  the  presence  of t he  
transducer and the  wax f i l l e d  groove. This resulted in a change  of the 
dominant tone frequency on the cyl inder  surface and i n  t h e  f a r - f i e l d  when 
compared t o  t h e  observed frequency for the clean cylinder i n  f i gu re  13. I n  
addi t ion ,  measured somd pressure  leve ls  in  the  far f i e l d  d i f f e r e d  from the  
c lean  cy l inder  da ta  as  ind ica ted  in  f igure  10. For th i s  reason ,  the  pred ic-  
t i o n  of t he  far f ie ld  leve ls  based  on the surface measurements will be 
compared t o  t h e  measured far f ie ld  ampli tudes in  the presence of t h e  t r a n s -  
ducer  groove. It i s  f e l t  t ha t  t he  su r face  p re s su re  ampl i tudes  a re  accu ra t e  
t o  w i t h i n  *l dB, t h i s  be ing  the  e s t ima ted  sca t t e r  i n  ca l ib ra t ing  the  su r face  
transducers.  
The data  for  the constant-diameter  cyl inder  a t  31 m/sec (101 f t / s e c )  
displayed approximately a constant  surface pressure level  in  the spanwise 
d i r e c t i o n .  A t  40 m/sec (131 f't/sec) and 63 m/sec (206 f t / s e c )  t h e  l e v e l  
decreased a t  s t a t i o n s  c l o s e  t o  t h e  t u n n e l  s i d e p l a t e s .  F i n a l l y ,  t h e  a m p l i t u d e s  
measured a t  76 m/sec (250 f t / s e c )  were sca t t e red  and f a i l  t o  show any trend. 
This i s  a t t r ibu ted  to  the  vor tex  shedding  s t ruc ture  be ing  essent ia l ly  non- 
e x i s t e n t  over the veloci ty  range of  76 t o  140 m/sec (250 t o  459 f t / s e c ) .  
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Figure 16 shows the surface pressure l eve l  as a function of spanwise 
pos i t ion  on the 2 : l  tapered cylinder for various velocit ies.  Again,  the 
transducers were mounted a t  135' f'rom the forward stagnation point and the 
zero spanwise station i s  represented by the inser t .  Far-f ie ld  narrmband 
spectra obtained simultaneously indicated that the change in surface roughness 
due t o  t h e  t r a n s d u c e r  and wax-filled groove caused a change i n  a c o u s t i c  
spectrum when compared to  the  prev ious  c lean-cyl inder  far-field data, as 
shown in  f igu re  8. However, the frequency of the surface tones coincided 
with the new f a r - f i e l d  dominant tones. This should be kept i n  mind s ince,  
as  with the constant-diameter  cyl inder ,  predict ions of f a r - f i e l d  l e v e l s  a r e  
based on surface pressure measurements and compared t o  concurrently measured 
f a r   - f i e ld   spec t r a .  
The data i n  f i g u r e  16 shows a decrease  in  sur face  pressure  leve l  in  the  
direction of the large diameter end. This follows i f  the  loca l  S t rouhal  
number i s  approximately constant, so  tha t  increas ing  the  loca l  cy l inder  
diameter would decrease the vortex shedding frequencies. Thus a given tone 
amplitude w i l l  d isappear  as  one proceeds from the small-diameter end a t  which 
the frequency of interest  was generated. 
The velocity dependence of the tone surface pressure level on the tapered 
cyl inder  a t  a fixed spanwise station i s  shown i n  f i gu re  17. For posit ions 
c lose  to  the  tone  genera t ion  reg ion  a t  the small-diameter end, the levels 
displayed a four th  power ve loc i ty  dependence as expected for constant force 
coe f f i c i en t s .  A t  more d i s t a n t  s t a t i o n s  t h i s  v e l o c i t y  dependence  no  longer 
held s ince the tone essent ia l ly  disappeared and the t ransducer  now measured 
the boundary layer  pressure f luctuat ions.  
In the case of the constant-diameter cylinder located in the wake of  the 
upstream turbulence generator, the tone surface pressure level varied with 
spanwise position as shown i n  f i g u r e  18. The l eve l s  were within the range of 
120 dB *5 dB. The small change over the range of velocities suggests that the 
sur face  pressure  leve ls  were dominated by the turbulence wake propert ies  of  
the upstream generator.  Notice that the dominant  tone  frequency  has  been 
al tered by the turbulent  wake flow. 
In  the  present  s tudy ,  f i l t e red  sur face  pressure  cor re la t ion  measurements 
were made using transducers mounted  on the constant-diameter and 2:l tapered 
cylinder.  The purpose  of  the  measurements was t o  determine surface correla- 
t i on  l eng ths  of the vortex shedding tones in the spanwise direction. These 
l eng ths  in  add i t ion  to  the  su r face  tone  p res su re  l eve l s  a r e  needed t o  p r e d i c t  
t h e  f a r  f i e l d  sound pressure  leve ls .  
Figure 19 shows the  f i l t e red  sur face  c ross  cor re la t ion  coef f ic ien t  for  
the constant-diameter cylinder a t  var ious veloci t ies  with low upstream 
turbulence flow. The p lo t t ed  data represent  the  coef f ic ien t  a t  zero delay 
time  between the var ious t ransducers .  Note t h a t  t h e  spanwise transducer 
separa t ion  i s  i l lus t ra ted  by the small i n s e r t  on each f igure.  The tone 
frequency passed by the bandpass f i l t e r s i s  a l s o  g i v e n .  A Gaussian and 
exponential decay curve have been included t o  permit a n a l y t i c a l l y  modeling t h e  
cor re la t ion  length .  Knowledge of t h i s  i s  r e q u i r e d  t o  c a l c u l a t e  t h e  far  f i e l d  
spectra. Gaussian decay had  been assumed in  the analyses  developed in  
references 3 and 5 b u t  exponential decay had been observed experimentally 
( r e f .  17). 
The one-sided correlation length Rywas obtained by numerically 
i n t e g r a t i n g  t h e  a r e a  under the  curves  in  f igure  19. The resu l t ing  va lues  
normalized by the cyl inder  diameter  are  indicated on each f igure.  
Surface pressure correlat ion measurements were a l s o  c a r r i e d  o u t  f o r  t h e .  
2 :1 tapered cyl inder  as shown i n  f i g u r e  20 fo r  a range of  veloci t ies .  In  
th i s  s tudy  the  t ransducers  were moved as a group across the span of the 
cy l inder .  Thus t h e  two separate curves i n  each  f igure  represent  the  f i l t e red  
cor re la t ion  coef f ic ien t  ob ta ined  from  each configuration. A co r re l a t ion  
value equal t o  u n i t y  i d e n t i f i e s  t h e  r e f e r e n c e  t r a n s d u c e r  s t a t i o n .  Note 
tha t  the  r igh t -hand s ide  .of t h e  two decay curves agree providing confidence 
in the experimental  technique. For example, in  f igure 20(a)  the shape of  the 
dashed curve over the spanwise range 1.5 t o  4.5 matches the decay of the 
so l id  l ine  curve  between 4.5 and 8 .  Similar comparisons can be  made a t  each 
of t he  o the r  ve loc i t i e s .  The tone frequency investigated in each case i s  
a l s o  shown. 
One in te res t ing  observa t ion  was the exis tence of phase s h i f t s  a c r o s s  t h e  
span. These appear as negat ive  va lues  in  the  c ross  cor re la t ion  coef f ic ien ts  
a t  the  zero  de lay  t ime.  This was accounted for in  eva lua t ing  the  cor re la t ion  
length by integrating numerically the area under the solid-line decay curve.  
Note tha t  the  resu l t  represents  the  two-s ided  cor re la t ion  length  and f o r  t h a t  
reason i s  represented byZy normalized by the  maximum cylinder diameter. 
Measurements of the  sur face  pressure  cor re la t ions  were a l s o  made wi th  
the constant-diameter cylinder in the wake of the upstream turbulence 
generator.  The r e s u l t s  a r e  shown i n  f i g u r e  2 1  fo r   s eve ra l   ve loc i t i e s .  The 
one-sided integral  length scales  were obtained using the previously 
discussed approach. The tone frequency and c o r r e l a t i o n  l e n g t h  a r e  shown i n  
each case. One important  resul t  i s  tha t  t he  co r re l a t ion  l eng ths  were  smaller 
than those for the constant-diameter cylinder without the upstream generator.  
It i s  in fe r r ed  tha t  t he  tu rbu len t  wake destroys the spanwise coherence of the  
vortex shedding thereby reducing Ry. 
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A i r f o i l  Cross Section Models 
Constant chord. - Typical narrowband spec t ra  measured i n  t h e  far f i e l d  
a t  90° t o   t h e  flow fo r  t he  cons t an t - chord  a i r fo i l  a t  -4O angle  of  a t tack,  
without an upstream turbulence generator, are shown i n  f i g u r e  22 fo r  37, 52, 
and 64 m/sec (120, 170, and 210 f t / s e c )  v e l o c i t i e s .  The measurement bandwidth 
f o r  each spectrum is  noted i n  each f igure.  A t  the  lowest  of  these veloci t ies  
t h e r e  was one c l e a r l y  dominant peak, a second peak roughly 10 dB weaker, and 
a t h i r d  peak roughly 10 dB weaker than the second. Frequencies of these peaks 
were severa l  hundred Hz apart. This type of narrowband  spectrum  had  been 
previously observed (ref.  11) i n   t e s t s  of a constant-chord airfoi l  having a 
span t o  chord r a t i o  of 2.33 as compared with the 6.89 r a t i o  f o r  t h i s  t e s t .  A s  
wi th  the relat ively sharp peaks measured i n   t e s t s  of the cylinder models, 
these tone-like peaks were broader than those measured f o r  e l e c t r o n i c a l l y  
generated pure tones a t  t h e  measurement  bandwidth. A t  times, bandwidth was 
varied t o  determine whether these spikes were tones whose maximum amplitude 
would be independent of bandwidth or narrowband-random peaks whose i n t e n s i t y  
was proportional t o  10 times the logarithm of bandwidth. All peaks proved not 
t o  be pure tones. 
A s  ve loc i ty  was increased  to  52 and 64 m/sec (170 and 210 f t / s e c )  , t he  
number of strong peaks increased. It i s  l i k e l y  t h a t  f o r  t h i s  l a r g e  r a t i o  of 
model span t o  chord, small spanwise nonuniformities of a i r f o i l  contour and 
surface condition caused a g rea t e r  spanwise v a r i a t i o n  i n  boundary l a y e r  
propert ies  as  veloci ty  and therefore  Reynolds number  was increased. Peaks 
also occurred at  twice the frequency of the strongest peaks, with amplitudes 
about 25 dB below those of the fundamental frequencies. Tone frequencies 
predicted from calculated spanwise-uniform laminar boumdary layer  proper t ies  
a re  shown by arrows and are  d iscussed  in  a subsequent section, “DISCUSSION O F  
NOISE PFE3DICTIONS”. 
Narrowband s p e c t r a  f o r  t h i s  a i r f o i l  model a t  h igher  ve loc i t ies  of 79, 
98, and 116 m/sec (260,  320, and 380 f t / s e c )  a r e  shown i n  f i g u r e  23. A s  
ve loc i ty  was increased,  there  cont inued to  be a multitude of peaks but their 
amplitudes reached a maximum and then decreased. Broadband background noise 
of t h e  wind tunnel continued to  inc rease ,  and the  s t ronges t  peak was about 
equal t o  background noise a t  the  h ighes t  ve loc i ty  shown. 
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chord. Jumps in frequency of the strongest tone generally occurred across 
these frequencies .  For a sound-generating process that includes flow 
o s c i l l a t i o n  a t  t h e  a i r f o i l  t r a i l i n g  e d g e ,  sound r ad ia t ion  a t  these  d i sc re t e  
frequencies would have caused flow oscillations a t  the leading edge and would 
s i g n i f i c a n t l y  a f f e c t  t h e  a i r f o i l  p r e s s u r e  d i s t r i b u t i o n .  The calculated curve 
shown i n   t h i s   f i g u r e  i s  d iscussed  la te r .  
Variat ions of  overal l  sound pressure  leve l  and sound pressure  leve l  of  
the s t rongest  tone with veloci ty  are  shown i n  f i g u r e  25 f o r   t h i s   a i r f o i l  model 
and incidence. Tone s t rength  was def ined as  the pressure-squared spectral  
densi ty  (1 Hz bandwidth) that corresponded t o  t he  measured peaks a t   t h e  
measurement bandwidth. OASPL was measured  between  200 Hz and 20,000 Hz 
frequencies.  The t rend of  tone strength was an  increase  wi th  ve loc i ty  to  the  
f i f t h  power a t  ve loc i t i e s  l e s s  t han  abou t  60 m/sec (about 200 f t / s e c )  
corresponding t o  a Reynolds number near 5 x SO5 based on a i r f o i l  chord. 
Fur ther  increase  of  ve loc i ty  caused  th i s  tone  s t rength  to  remain approximately 
constant and then decay. This build-up followed by constant amplitude i s  
t y p i c a l  of an acoustic feedback process. OASPL increased approximately with 
v e l o c i t y  t o  t h e  e i g h t h  power, became approximately constant, and then 
increased as it became dominated by tunnel background noise. 
Spanwise var ia t ions of  tone surface pressure levels  a t  9% chord, and of 
normalized cross  correlat ion coeff ic ient  between d i f f e r e n t  spanwise positions 
as  eva lua ted  a t  zero  de lay  t ime,  a re  shown i n  f i g u r e s  26 and 27 for  31 and 
54 m/sec (100 and 178 f t / s e c )  v e l o c i t i e s .  Matched high-pass and low-pass 
f i l t e r s  were used with both correlation channels.  
Tapered chord. - Narrowband spec t r a  d i r ec t ly  above the 2 :1 tapered chord 
a i r f o i l   a t  -40 angle of a t t a c k  a r e  shown i n  f i g u r e  28 for 27, 34, 88, 98, and 
lo7 m/sec (90, 110, 290,  320,  and 350 f t / s ec )  ve loc i t i e s .  Spec t r a  fo r  t he  
lower  ve loc i t ies  conta in  f ive  and six closely spaced peaks having amplitudes 
within 15 dB of maximum. A t  the  h igher  ve loc i t ies  the  number of peaks was 
smaller and a l l  but the strongest peaks disappeared into tunnel background 
noise.  Narrowband spec t ra  for  40,  52, 67, and 79 m/sec (130, 170, 220, and 
260 f t / s e c )  v e l o c i t i e s  ak -bo angle of attack are given in figure 29. These 
contain a multitude of peaks spread over a wider frequency range than those 
for  the  cons tan t -chord  a i r fo i l  a t  about  the  same v e l o c i t i e s  ( f i g s .  22 and 23).  
The var ia t ion of  tone frequencies  with veloci ty  f o r  t h i s  2 : l  t a p e r e d  
chord a i r f o i l   a t  Oo and -4' angle  of  a t tack are  shown i n  f i g u r e s  30 and 31. 
A s  wi th  the  cons tan t -chord  a i r fo i l ,  the  s t ronges t  tone  a t  each  ve loc i ty  i s  
represented by  a s o l i d  c i r c l e .  Tones having amplitudes within 5 dB o f  t ha t  
tone, and within 10 dB where needed to  represent  the typical  f requency range 
of prominent tones, are represented by open t r i ang le s .  Except for  the lowest  
frequency shown for  the lowest  veloci ty  and zero  angle  of  a t tack ,  a l l  o f  these  
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frequencies have half-wavelengths equal t o  an integer fraction of the chord a t  
some spanwise position on th i s  t ape red  model. Jumps i n  frequency of the 
strongest tone occurred over about the same frequency ranges for both angles 
of a t t ack ,  a t  f'requencies near an integer number of kHz corresponding t o  an 
in teger  number of acoustic half-wavelengths approximately equal t o   t h e   t a p e r e d  
a i r f o i l ' s  wide chord. Velocities and frequencies for these jumps d i f f e red  
from those  for  the  cons tan t -chord  a i r fo i l  ( f ig .  24) ,  which demonstrates that 
the frequency jumps were not resonances between the airfoil models, tunnel 
shear layers,  and tunnel sidewalls. Strong tones measured a t  Oo angle of 
a t tack  sh i f ted  to  h igher  f requencies ,  and disappeared into tunnel background 
a t  lower ve loc i t i e s ,  t han  those  a t  -4' angle of attack. However, strong tone 
frequencies a t  0 approximately corresponded t o  f r e q u e n c i e s  a t  which weaker 
tones occurred at  the other  angle .  For -bo angle of attack the strongest tone 
general ly  was a t  a lower frequency than those of other tones, as would be 
expected i f  amplitude i s  r e l a t e d   t o   a i r f o i l  chord. 
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Variations of OASPL and dominant tone SPL with veloci ty  for  the 2: l  
tapered chord a i r f o i l   a t  Oo and -4' angle  of  a t tack are  shown in  f igu res  32 
and 33. For 0' angle of a t t ack ,  t hese  l eve l s  were approximately constant a t  
low ve loc i t i e s  and then decayed into the tunnel background. For -bo angle of 
attack, both levels increased approximately with velocity t o   t h e  f i f t h  power 
f o r  ve loc i t i e s  t o  abou t  50 m/sec (about 160 f t / s e c ) .  This  ve loc i ty  cor res -  
ponds t o  a Reynolds number of about 5 x lo5 based on t h e  t a p e r e d  a i r f o i l ' s  
wide chord. This was the  Reynolds number a t  which SPL of the constant-chord 
a i r f o i l  changed i t s  ve loc i ty  dependence a t  t h i s  same angle of a t t ack .  A s  with 
t h a t  model, tone SPL became approximately constant and then decreased with 
increasing velocity while OASPL became approximately constant and then 
increased. 
Tone surface pressure levels  and cross  cor re la t ion  coef f ic ien ts  for  the  
2 :1 tapered chord a i r f o i l   a t  -4' angle of a t t ack  and 48 m/sec (157 f t / s e c )  
v e l o c i t y  a r e  shown i n  f i g u r e  34. The two selected frequencies corresponded to 
r e l a t ive ly  s t rong  tones  in  the  far f ie ld .  Surface pressure f luctuat ions and 
cross  correlat ion coeff ic ients  for  the higher  f requency were strongest near 
t h e  narrow end o f   t h e   a i r f o i l .  
Far-f ie ld  narrowband spectra  a t  goo d i r ec t ion  fo r  t he  4 : l  tapered chord 
a i r f o i l   a t  0' angle of attack are given in  f igure 35 for 30, 43, and 55 m/sec 
(100, 140, and 180 f t / s e c )  v e l o c i t i e s .  The  number of  peaks was considerably 
l a rge r ,  and was spread over a larger range of frequency, than for the 2:l 
tapered chord airfoi l .  Narrowband spec t ra  for  61, 70, 79, and 88 m/sec 
(200,  230,  260,  and 290 f t / s e c )  v e l o c i t i e s  a r e  shown i n  f i g u r e  36. A s  
veloc i ty  was increased, the number of peaks decreased and their  ampli tudes 
decreased. Variations of tone frequency with velocity for the strongest 
peak, and for peaks within 10 dB of  that  peak,  are  given in  f igure 37. The 
f i rs t  jump i n  frequency of the strongest peak was an approximate doubling of 
frequency. A t  h igher  ve loc i t ies ,  boundary  layer  t rans i t ion  near  the  wide- 
chord end of t h e  model probably weakened and eliminated tones a t  t h e  lower 
frequencies. Variations of OASPL and  dominant  tone SPL f o r  t h i s  model a r e  
g iven  in  f igu re  38. There was a l imited range of v e l o c i t y  i n  which OASPL 
v a r i e d   w i t h   v e l o c i t y   t o   t h e   f i f t h  power before becoming approximately constant 
and then merging with background noise near 100 m/sec (328 f t / s e c )  v e l o c i t y .  
Tone sur face  pressure  leve ls  and spanwise cross  correlat ion coeff ic ients  for  
t h i s  model a t  2O angle of attack and 52 m/sec (170 f t / s ec )  ve loc i ty  a re  g iven  
i n  f i g u r e  39. 
D i r e c t i v i t y  of a i r fo i l  no i se  wi thou t  t he  upstream turbulpnce generator 
was examined using overall  sound pressure  leve ls  ca lcu la ted  by summing the  
amplitudes  of  measured  narrowband  peaks.  These ove ra l l  l eve l s  t he re fo re  
exclude tunnel background noise and include only the tones generated by the  
a i r f o i l .  F a r - f i e l d  d i r e c t i v i t y  of  these overal l  levels  i s  shown i n  f i g u r e  
40 (a )  fo r  t he  cons t an t - chord  a i r fo i l  a t  37, 61, and  92  m/sec  (120,  200,  and 
300 f t / s e c )  v e l o c i t i e s .  Amplitudes generally decrease with increasing angular 
d i r e c t i o n  from upstream. This decrease was approximately given by cosine 
squared  of half  the angle-from upstream, shown as sol id  curves .  Such 
d i r e c t i v i t y  i s  expected (refs .  25 and 2 6 )  f o r  t r a i l i n g  edge noise caused by 
f l u i d  disturbances convected past  a t r a i l i n g  edge t h a t  i s  sharp compared with 
the  d is turbance .  Far - f ie ld  d i rec t iv i ty  for  the  2 : l  t apered  chord  a i r fo i l  a t  
55 m/sec (180 f t / s e c )  v e l o c i t y  and -4' angle of a t t a c k ,  and f o r  t h e  4 :1 
t ape red  chord  a i r fo i l  a t  37 and 55 m/sec (120 and 180 f t / s e c )  v e l o c i t i e s  and 
Oo angle  of  a t tack ,  a re  shown i n  f i g u r e  4 0 ( b ) .  D i r e c t i v i t i e s  f o r  t h e s e  two 
t ape red -chord  a i r fo i l s  a l so  gene ra l ly  va r i ed  in  the  manner expected for 
t r a i l i n g  edge noise.  
Narrowband spec t r a  fo r  t he  cons t an t - chord  a i r fo i l  a t  0' angle of attack 
i n  t h e  t u r b u l e n t  wake of an  upstream a i r f o i l   a r e  shown i n  f i g u r e  41 f o r  79, 
107, and 137 m/sec (260, 350, and 450 f t / s e c )  v e l o c i t i e s .  These spec t ra  
were obtained with 6.4 Hz bandwidth and 0 t o  2000 Hz frequency range. Data 
are  not  shown for frequencies below 200 Hz because the chamber i s  not 
precisely anechoic  ( ref .  11) a t  t h o s e  low frequencies.  All of these  spec t ra  
contained a superimposed 120 Hz modulation, apparently from t h e  e l e c t r i c a l  
power supply. Background noise spectra taken with the upstream wake- 
g e n e r a t i n g  t h i c k  a i r f o i l  i n  p l a c e  b u t  w i t h o u t  t h e  t e s t  a i r f o i l  were 10 t o  
S5 dB below these spectra except for frequencies below 200 Hz and are  not  
shown . 
. . .  
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DISCUSSION OF NOISE PRFDICTTONS 
Nonrotating Blades 
Circular  cross  sect ion.  - The predic t ion  of the  fa r - f ie ld  tone  sound 
pressure  leve l  used a model i n  which the unsteady loading on the cyl inder  was 
represented by a d i s t r i b u t i o n  of dipoles i n  the  spanwise direct ion.  This  
concept was then used t o  relate measurements of unsteady surface pressure and 
spanwise c o r r e l a t i o n  l e n g t h  t o  t h e  f a r - f i e l d  sound. 
The l i n k  between the surface measurements and f a r - f i e l d  sound pressure 
l eve l s  i s  provided by equation ( A 5 )  of Appendix A descr ib ing  d ipole  rad ia t ion  
from a constant-diameter cylinder in a flow having no spanwise variation of 
ve loc i ty .  For a measurement p o s i t i o n  d i r e c t l y  above  midspan, the exponent ia l  
term i n  t h e  numerator and the  Mach number convection term i n  t h e  denominator 
are  both equal  to  uni ty .  Mean square lift c o e f f i c i e n t  was calculated from 
the surface pressure f luctuat ion based on the approach discussed in Appendix B. 
Conceptually, this approach used the unsteady Bernoulli equation i n  which t h e  
ve loc i ty  poten t ia l  conta ined  two terms. One term represented the steady- 
s t a t e  flow about the cylinder while the other represented an oscil lating 
circulat ion about  the cyl inder .  The measured surface pressure f luctuat ions 
then  permi t ted  ca lcu la t ing  the  c i rcu la t ion  te rm from which the  l i f t  
coe f f i c i en t  was obtained. Resulting lift coef f ic ien ts  genera l ly  agreed  wi th  
those of o t h e r  i n v e s t i g a t i o n s  a t  t h e  same Reynolds numbers as shown i n  
f i g u r e  5 .  
I n  the case of the constant-diameter cylinder without the upstream 
generator ,  the l i f t  coe f f i c i en t  was calculated using the average surface 
pressure  leve ls  in  f igure  15. Surface correlat ion lengths  were obtained  from 
f igu re  19. The spanwise distance Ryover which the lift f luc tua t ion  was 
assumed to  ac t  a t  cons t an t  f r equency  was taken equal t o  t h e  c y l i n d e r  span b. 
The r e s u l t s  of these  pred ic t ions ,  shown i n  f i g u r e  10, ind ica te  good agreement 
wi th  measured d a t a  a t  31 m/sec (101 f t / s e c )  and 40 m/sec (131 f t / s e c ) .  A t  63 
and 76 m/sec (206 and 250 f t / s e c )  t h e  p r e d i c t i o n  was approximately 6 dB below 
t h e  d a t a .  I n  t h e  l a t t e r  c a s e  t h i s  i s  a t t r i b u t e d  t o  t h e  Reynolds number being 
i n  t h e  t r a n s i t i o n  regime i n  which coherent vortex shedding did not seem t o  
occur. Thus the dipole concept no longer  descr ibed  the  acous t ic  rad ia t ion  
accura te ly .  
For t h e  2:l tapered cylinder,  the tone existed only over a small  portion 
of the cylinder span so the length Ry over which t h e  lift acted was taken 
equal t o  the spanwise integral  of rms lift c o e f f i c i e n t  a t  constant frequency, 
divided by the  maximum value of t h a t  rms lift c o e f f i c i e n t .  Here, t h e  
maximum rms l i f t  coefficient corresponded t o   t h e  maximum surface pressure 
-- I 
l eve l  d isp layed  in  f igure  17. The in t eg ra t ion  was performed numerically 
.over  the spanwise var ia t ion of  tone surface pressure level  in  f igure 16. 
Also,  the two-sided correlation length 21ywas replaced by the length 
i d e n t i f i e d  i n  f i g u r e  20 for  the  tapered  cy l inder .  
The predicted and measured far-field sound pressure levels for the 2:1 
tapered cyl inder  are  shown i n  f i g u r e  42 f o r  t h e  fou r  v e l o c i t i e s  a t  which 
surface measurements were conducted. Agreement i s  wi th in  4 dB i n  a l l  cases ,  
providing confidence in the approach. 
A i r fo i l  c ros s  sec t ion .  
Far - f ie ld  sound pressure levels .  - By appl ica t ion  of  theor ies  summarized 
in  r e fe rence  5 ,  t h e  sound f i e l d  produced by unsteady loading on an a i r f o i l  
can be represented by a d is t r ibu t ion  of  d ipoles  over  the  a i r fo i l  sur face .  The 
present  sec t ion  uses  th i s  approach  to  re la te  measurements of unsteady 
pressure on t h e  a i r f o i l  s u r f a c e  t o  f a r - f i e l d  sound. 
If it were f eas ib l e  to  p l ace  p re s su re  t r ansduce r s  a t  every point on the  
a i r f o i l  s u r f a c e ,  t h e  c o n t r i b u t i o n  of each point t o   t h e  far f i e ld  p re s su re  
could be directly summed. A s  t h i s  i s  not practical ,  the approach followed 
here  i s  t o  propose a poss ib le  model for the unsteady loading and t o  use the  
measured surface pressure to determine necessary parameters in the model. 
The model chosen  here  for  the  a i r fo i l  sur face  pressure  Ps i s  
where y i s  the spanwise coordinate and x i s  the chordwise coordinate, with the 
a i r f o i l  t r a i l i n g  edge a t  x = 0 and the leading edge a t  x = c .  Thus, x i s  
here  assumed t o  be measured opposite t o  t h e  flow d i rec t ion .  The phase cut - kx 
i n d i c a t e s  t h a t  t h e r e  i s  an acoustic wave propagat ing from the t ra i l ing edge 
toward the leading edge. 
The t r a i l i n g  edge pressure Pte  i s  a s t o c h a s t i c  v a r i a b l e  i n  y .  One reason 
for  choos ing  th i s  par t icu lar  model i s  the following argument. Since the 
sound i s  produced by a t ra i l ing-edge  mechanism, one might expect that  the 
chordwise dis t r ibut ion would be determined once t h e  d i s t r i b u t i o n  o f  t r a i l i n g -  
edge dipoles i s  spec i f ied .  Thus the present  model combines a s tochas t ic  
v a r i a t i o n  i n  y with a de t e rmin i s t i c  va r i a t ion  in  x. 
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The pressure given by equation (1) propagates upstream a t  the speed of 
sound, whereas one might expect a propagat ion  ve loc i ty  equal  to  the  d i f fe rence  
of t h e  sound speed and the  flow speed. Since the measurements were taken a t  
low Mach number, t h i s  d i f f e r e n c e  i s  negl ig ib le .  The var ia t ion of  pressure 
amplitude with chordwise position was not measured in  the  p re sen t  
experimental program. Consideration of t h e  data of reference 11 showed t h a t  
a reasonable value for CY was 1.2. The particular value chosen i s  not really 
very important since it has l i t t l e  e f f e c t  on the  ca l cu la t ion .  
Since far-field pressure measurements were made direct ly  overhead,  one 
needs t o  know t h e  f l u c t u a t i o n  i n  o v e r a l l  l i f t  i n  o r d e r  t o  p r e d i c t  t h e  far- 
f i e l d  sound.  Because t h i s  i s  a dipole  type of mechanism, the pressure w i l l  
be assumed t o  be an t i co r re l a t ed  on the  upper and lower a i r f o i l  s u r f a c e s .  
In t eg ra t ion  of equation (1) over chord then gives the spanwise sectional l i f t  
as 
C -a-ikC i w t  
(I- e ) e  
Since the acoustic wavelength h was approximately equal  to  or grea ter  than  the  
chord in the present experiment,  kc = 21-rc/h and equation (2) can be approxi" 
mated by 
L ( ~ ) = - Z -  I P,,ty)e iuJt k 
independent of the par t icular  value chosen fora  . 
The far-f ie ld  pressure produced direct ly  above t h e   a i r f o i l  by the dipole  
d i s t r i b u t i o n  over t h e  a i r f o i l  i s  then 
Multiplying equation (4)  by i t s  complex conjugate and using equation (3) f o r  
L(y)  gives  the fol lowing equat ion for  the far-f ie ld  PSD 
It appears from t h e  d a t a  t h a t  t h e r e  were d iscre te  reg ions  on t h e   a i r f o i l  
t h a t  produced def ini te  f requencies .  That i s ,  a given tone was produrced by 
only a small r eg ion  o f  t he  t r a i l i ng  edge. Adjacent regions produced a tone 
a t  s l i gh t ly  d i f f e ren t  f r equenc ie s .  A reasonable model f o r  a given tone 
generating region i s  
Then,  from equation ( 5 )  
where SQQ i s  t h e  maximum  PSD of the pressure on t h e  a i r f o i l  n e a r  t h e  t r a i l i n g  
edge at  the given frequency. 
The length Bycan be considered t o  be a cor re la t ion  length  and can be 
determined from cross correlation measurements. These c ros s  co r re l a t ion  p lo t s  
were shown i n  f i g u r e s  26, 27, 34, and 39. One d i f f i c u l t y  i s  t ha t  t he  da t a  
poin ts  were rather widely spaced so that  the correlat ion length cannot  be 
precisely determined. An al ternat ive procedure i s  t o  work w i t h  the tone 
surface pressure levels and t o  consider the variation of amplitude with 
pos i t ion .  
Flrom the  above s o r t s  of considerations one can a r r i v e  a t  a n  e s t i m a t e  
for  cor re la t ion  length .  Using  equation (7) t h i s  t h e n  l e a d s  t o  a pred ic t ion  
of  the  quant i ty  10 log (SQQ/Spp), t h e  r a t i o  of surface t o  far - f i e ld  PSD. The 
r e su l t s  o f  t hese  ca l cu la t ions  a re  shown i n  Table I along with the 
experimentally measured values. It should be emphasized tha t  t he  ca l cu la t ed  
values are approximations which serve  to  g ive  some confidence in the type of 
mechanism considered. Since this difference depends on cor re la t ion  length  
squared, a factor  of  two change would l e a d  t o  a 6 dB change in  the  pred ic ted  
value of 10 lOg(sQQ/Spp), and the  measurements permit only a crude estimate of 
cor re la t ion  length .  Also,  for the constant chord airfoil  there could be more 
than  one spanwise  region on the  a i r fo i l  gene ra t ing  the  same frequency. The 
existence of  more than one such region would l e a d  t o  a decrease i n  the  
predicted value of  surface to  far-f ie ld  pressure rat io .  Final ly ,  because of 
t he  r ap id  va r i a t ion  of surface pressure with spanwise posit ion,  one cannot be 
c e r t a i n  t h a t  t h e  maximum value of surface pressure has been measured. 
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I n  view of these uncertainties,  the agreement shown i n  Table I seems 
reasonable. The predict ions differ from the  da t a  by l e s s  t han  4 dB for th ree  
cases and up t o  8 dB for the  four  others .  For most of t h e  comparisons the 
pred ic ted  va lue  of  sur face  to  fa r - f ie ld  pressure  ra t io  i s  less  than  the  
measured values. Thus, i f  measured values of surface pressure were divided 
by the  pred ic ted  va lue  of  th i s  ra t io ,  fa r - f ie ld  sound pressures would be 
overpredicted. One possible  source of  error  is the assumption that pressures 
on t h e  a i r f o i l  upper and lower surface were an t icor re la ted .  If there  was an 
in-phase component as we l l  a s  a component 1800 out of phase, the measured 
sound level could be decreased significantly from what one would predic t .  
Another possible  source of  error  i s  the  assumed r a t e  of chordwise attenuation 
of t h e  a i r f o i l  l o a d i n g .  If t h i s  were s ign i f i can t ly  d i f f e ren t  from t h a t  
assumed in  equat ion (l), the  pred ic ted  sound could be affected.  Probably the 
most c r i t i c a l  u n c e r t a i n t y  i s  the correlation length.  Nevertheless,  the 
comparison between theory and experiment i n  Table I seems t o  show that  values  
of 5 t o  10 cm for  spanwise correlat ion length are  reasonable ,  with this  length 
t e n d i n g  t o  be smal le r  for  the  tapered  a i r fo i l s .  
Narrowband s p e c t r a  f o r  t h e  a i r f o i l  i n  t h e  t u r b u l e n t  wake of an upstream 
a i r f o i l  were shown i n  f i g u r e  42 fo r  79, 107, and 137 m/sec (260, 350, and 
450 f t / s e c )  v e l o c i t i e s .  These spectra  were obtained wi th  6.4 Hz bandwidth a t  
0 t o  2000 Hz frequency range. Data are  not  shown f o r  the 0 t o  200 Hz frequency 
range because the chamber i s  not precisely anechoic a t  t h e s e  low frequencies. 
The spectra  for a l l  f requencies  conta ined  a superimposed 120 Hz modulation 
from the power supply. Background noise spectra taken with the upstream air-  
f o i l  i n  p l a c e  were 10 t o  15 dB below these spectra  for  t h i s  frequency range 
and are  not  shown. The f igure  a l so  conta ins  spec t ra  ca lcu la ted  for  these  
t e s t  cond i t ions  assuming uniform isotropic  turbulence rather  than the actual ,  
re la t ive ly  nar row,  spa t ia l ly  nonuniform wake. A method t h a t  was r epor t ed  in  
reference 22 t o  give good predic t ion  of  spec t ra  for  a i r fo i l s  w i t h  incident  
turbulence was u t i l i zed .  In  tha t  method, l o c a l  l i f t  coefficient response 
spectrum per unit normalized incident turbulence in an incompressible flow i s  
obtained  from  the  solution of Fi lotas  ( ref .  23) .  Separate  analyt ic  equat ions 
a r e  used fo r  l a rge  and for small reduced frequencies. The r e su l t i ng  lift 
response per unit turbulence i s  multiplied by the measured or predicted upwash 
spectrum t o  determine a lift force fluctuation spectrum. The conventional 
dipole noise radiation equation, as modified by Hayden (ref .  24)  for  source 
noncompactness e f f e c t s  a t  s m a l l  r a t i o s  of chord to  acoust ic  wavelength,  then 
served as the acoust ic  t ransfer  funct ion between l i f t  force spectrum and 
acoustic radiation spectrum. 
This ca l cu la t ion  of narrowband acoustic spectrum was given by 
SPL= 2 0  log(7rpV3b sin 8)(2Co R P,,,!’ + 10 log (v2/V) + IOlog [(AF)A/V] 
- 
where the equivalent  Sears  funct ion for  a three-d imens iona l  a i r fo i l  w i t h  
incident  turbulence was taken from equation (35) of reference 23 
and the normalized turbulence spectrum was approximated by equation (1-95) of 
reference 25. 
Thus t h e  narrowband sound radiation spectrum was ca l cu la t ed  a s  a funct ion of 
reduced frequency, bandwidth, Mach number, normalized turbulence intensity,  
r a t i o  of f a r - f i e l d  d i s t a n c e  t o  a i r f o i l  c h o r d ,  r a t i o  of span t o  chord, and 
r a t io  o f  t u rbu lence  in t eg ra l  s ca l e  l eng th  to  chord .  For th i s  chord ,  acous t ic  
noncompactness i s  predicted to decrease the spectrum amplitude a t  frequencies 
s ign i f i can t ly  g rea t e r  t han  1000 Hz. 
A s  i s  shown i n  f i g u r e  42, the general  spectrum shape and the shift  of 
peak frequency with increasing velocity were fairly well  predicted.  Ampli- 
tudes were overestimated by about 4 dB. It  i s  l i k e l y  t h a t  t h i s  d i f f e r e n c e  
between predic t ions  and da ta  was caused.. by spat ia l  nonuniformity of the  
turbulen t  wake convec ted  pas t  the  a i r fo i l .  The a n a l y t i c a l  method  had been 
developed and validated for flows having uniform turbulence intensity over 
l a rge  d i s t ances  no rma l  to  the  a i r fo i l  cho rd .  In  con t r a s t ,  t he  ac tua l  
t u rbu len t  wake thickness  for  which rms turbulence  in tens i t ies  were grea te r  
than 70% of maximum was only about 5 cm (2 in .  ) or abou t  ha l f  t he  a i r fo i l  
chord. This narrow wake may have caused the l i f t  f o r c e  f l u c t u a t i o n s  t o  be 
only about 2 / 3  the  levels  predicted for  uniform turbulence,  resul t ing in  the 
overestimate of measured acous t i c  i n t ens i ty .  
Tone frequencies. - One explana t ion  of  a i r fo i l  tones  ( re f .  26)  has  
regarded them a s   t r a i l i n g  edge noise caused by Tollmein-Schlichting instabil- 
i t i e s  of t he  laminar boundary layer on the  a i r fo i l  p re s su re  su r face .  O f  the  
range  of  f requencies  tha t  a re  uns tab le  a t  the  a i r fo i l  t ra i l ing  edge ,  tha t  
frequency which has strongest amplitude w i l l  cause a feedback osci l la t ion 
within the boundary layer.  One tone,  ra ther  than broadband r ad ia t ion  over a 
sharply defined range of frequencies, would then be radiated.  The dependence 
on Tollmein-Schlichting laminar instabil i ty explains why increasing the angle 
of a t t ack ,  which greatly increases the chordwise extent of acce le ra t ing  
pressure gradient on the pressure surface of NACA 0012 a i r f o i l s ,  should 
increase the maximum v e l o c i t y  a t  which a i r fo i l  tones  occur .  It a lso  expla ins  
why use of boundary l a y e r  t r i p s  on the  a i r fo i l  p re s su re  su r face ,  e i the r  nea r  
the leading edge or near 3/4 chord, has been observed to  e l imina te  th i s  no i se .  
-om the laminar boundary layer investigation reported in reference 27, 
the frequency at  which Tollmein-Schlichting instabil i ty waves had maximum 
amplitude was given by the upper  branch of  the neutral  s tabi l i ty  contour  
evaluated a t  t h e  l o c a l  Reynolds number. (Minimum amplitude  corresponded t o  
t h e  lower  branch.)  Shen's  calculated  values  (ref.  28)  for  this  contour  were 
i n  b e s t  agreement wi th  data for laminar boundary layers on f l a t  p l a t e s .  For 
convenience ,  the  a i r fo i l  boundary l aye r s  were assumed equa l  t o  those  fo r  f l a t  
p l a t e s  w i t h  zero pressure gradients  s o  t h a t  l o c a l  boundary layer displacement 
th i ckness  cou ld  be  eas i ly  r e l a t ed  to  a i r fo i l  cho rd .  Then the predicted tone 
frequency, Hz, i s  given by 
where B is the  angular  f requency  for  neut ra l  s tab i l i ty .  The s o l u t i o n  i n  
reference 28 gave the rat io  of reduced frequencyp6 */V t o  Reynolds number 
referenced to displacement thickness as a function of Reynolds number. This 
reduced frequency for the upper n e u t r a l  s t a b i l i t y  c o n t o u r  was c a l c u l a t e d  t o  
decrease from 0.20 t o  0.10 a s  Reynolds number based on f l a t  p l a t e  c h o r d  
increased from about 5 x LO4 t o  1 x 106. If reduced frequency i s  assumed 
constant over a l imited range of Reynolds number, the predicted tone 
frequency given by this equation would va ry   w i th   ve loc i ty   t o   t he  3/2 power and 
inversely with the square root of chord. These predicted t rends had been 
noted in  reference 11 t o   g i v e  a good general  descr ipt ion of  avai lable  data .  
Calculated tone frequencies for each flow velocity are shown wi th  the  
narrowband spec t r a  of f igu res  22 and 23. The var ia t ion of  tone frequency with 
v e l o c i t y  as ca l cu la t ed  fo r  t he  cons t an t - chord  a i r fo i l  from t h i s  laminar 
i n s t a b i l i t y  t h e o r y  was shown i n  f i g u r e  24. Except  for  veloci t ies  j u s t  below 
those  a t  which t h e r e  was a jump i n  frequency of the strongest tone,  and f o r  
t h e  h i g h e s t  t e s t  v e l o c i t i e s ,  t h e s e  c a l c u l a t i o n s  from f la t -p la te  laminar  
boundary layer  theory closely predicted the frequency of e i t h e r  t h e  s t r o n g e s t  
or next strongest observed tone. 
Tone frequencies calculated by t h i s  method f o r  t h e  narrow chord and t h e  
wide chord of the 2:l tapered chord a i r f o i l  were shown as arrows on t h e  
frequency axis of narrowband spec t r a  ( f ig s .  28  and 2 9 ) .  These ca l cu la t ions  
predict  the range of frequency for which acous t ic  tones  occurred  a t  low 
v e l o c i t i e s .  A s  ve loc i ty  was increased,  boundary layer  t ransi t ion a t  t he  
wide-chord end eliminated  the  low-frequency  tones. The corresponding 
calculated variations of tone frequency with velocity for both ends of t h e  
2:l t apered  chord  a i r fo i l  were given i n   f i g u r e s  30 and 31 which contain data  
f o r  two angles of attack. Because  of the  dependence of reduced frequency on 
Reynolds number, t h e  r a t i o  of these  ca lcu la ted  f requencies  a t  cons tan t  
v e l o c i t y  was not the square root of two but varied from 1.5 a t  t h e  lower t o  
1.7 a t  the  h igher  ve loc i t ies .  These calculated curves generally enclosed the 
frequencies a t  which strong tones were radiated.  Increasing the angle  of  
attack increased the range of frequencies for which tones occurred a t  constant 
ve loc i ty .  A t  low ve loc i t i e s  t he  s t ronges t  measured  tones  occurred a t  
frequencies associated with the wide-chord end  of t h e  model. Increasing the 
ve loc i ty  and therefore the Reynolds number per  uni t  length would have caused 
boundary  l aye r  t r ans i t i on  a t  t ha t  end. Tones near  the predicted low 
frequency were eliminated and the  o r ig in  cf s t ronges t  sound radiat ion along 
the  model span was moved toward t h e  narrow-chord  end.  These same t rends  
occurred t o  a grea te r  ex ten t  wi th  the  4 :1 t ape red  chord  a i r fo i l  ( f i g s .  35, 36, 
and 37).  Airfoi l  tone noise  from nonro ta t ing  a i r fo i l s  i s  therefore  shown t o  
occur a t  frequencies for which Tollmein-Schlichting instabil i ty of t he  
pressure-surface laminar boundary layer has m a x i m u m  amplitude a t  t h e  a i r f o i l  
t r a i l i n g  edge. 
Rotating Blades 
Circular cross section. - Before comparing the  ca lcu la ted  and  measured 
spec t r a ,  it i s  u s e f u l  t o  examine those spectra  and qual i ta t ively determine 
t h e  measured t rends .  Comparisons given i n  f i g u r e  12 of reference 1 and 
f i g u r e s  31 and 33 of reference 2 showed t h a t   t i p  shape of blades with 
c i rcu lar  c ross -sec t ion  genera l ly  had no e f f e c t  on noise  rad ia t ion .  The only 
exception was f o r  t h e  open-end blades (model configuration 00) which developed 
an organ-pipe resonance in the 1600 Hz t o  2000 Hz one-third-octave bands, 
corresponding t o  t h e  d e p t h  of t h e  open- t i p .  Because only the squared-tip 
blades (model configuration 01) were t e s t ed  bo th  in  the  wind tunnel and out- 
doors, data f o r   t h i s  model will be analyzed as representa t ive  of  ro ta t ing  
blades with circular  cyl inder  cross-sect ion.  
D i r e c t i v i t y  of noise from the  cy l ind r i ca l  b l ades  was assumed t o  be a sum 
of vortex noise which va r i e s  as cosine squared of the measurement angle from 
t h e  r o t a t i o n a l  a x i s  and thickness noise which varies as sine squared of this 
angle. To examine t h i s  assumption, OASF’L d i r e c t i v i t y  measured f o r  t h e  
cy l indr ica l  b lades  tes ted  outdoors  ro ta t ing  in  the i r  shed  wakes i s  shown i n  
f igu re  4 . The data fo r  f ive  ro t a t iona l  speeds  a re  compared with curves 
c a l c u l a t e d   b y   a r b i t r a r i l y   f i t t i n g   v o r t e x - n o i s e   d i r e c t i v i t y   t o  OASPL measured 
on t h e  r o t a t i o n a l  axis and th i ckness -no i se  d i r ec t iv i ty  to  tha t  measured i n  t h e  
ro tor  d i sc  p lane .  The resu l t ing  curves  are seen to  g ive  c lose  pred ic t ion  of  
OASPL a t  intermediate measurement d i rec t ion  angles .  Therefore ,  a t ten t ion  was 
concentrated on vortex noise measured on t h e  r o t a t i o n a l  axis. 
Scaling of on-axis vortex noise spectra for the rotor wi th  c y l i n d r i c a l  
b l ades  in  the  wind tunnel wi th  shed wakes blown downstream i s  shown i n  
f igu re  44. Frequency was scaled by use of Strouhal number based on cy l inder  
ve loc i ty  and r o t a t i o n a l  t i p  speed. In the upper part  of this f igure,  one- 
th i rd  oc tave  sound pressure  leve ls  were scaled by subt rac t ing  s ix ty  t imes  the  
logar i thm of  ro ta t iona l  t ip  speed ,  m/sec.  This s i x t h  power sca l ing  law would 
be cor rec t  i f  rms l i f t  coe f f i c i en t ,  co r re l a t ion  l eng th ,  and Strouhal number 
were constant along the blade radius as was assumed by Yudin ( r e f .  9 ) .  This 
sca l ing  law genera l ly  caused  the  ve loc i ty-ad jus ted  spec t ra  to  agree  wi th in  a 
spread of 4 dB for  S t rouhal  numbers l e s s  t h a n  0.05 and greater  than 0.5. A t  
intermediate Strouhal numbers where maximum amplitudes occur , increased 
r o t a t i o n a l  speed caused a consistent decrease of velocity-adjusted amplitude. 
Fa i lure  of t h e  s i x t h  power ve loc i ty  sca l ing  law fo r  OASPL of these  da ta  had 
been shown i n  f i g u r e  13 of reference 1. It was noted in  reference 1 t h a t  
OASPL could be approximately matched by two sixth-power scaling curves,  one 
f o r  t h e  t h r e e  lower  and the  o ther  for  the  two higher  rotat ional  speeds.  The 
change in  abso lu te  l eve l  was a t t r i b u t e d  t o  exceeding a c r i t i c a l  Reynolds 
number of  400,000 based on ro ta t iona l  t ip  speed .  In  cont ras t ,  normal ized  
spec t ra  shown in  f igure  44(a)  f a i l  t o  follow the sixth-power velocity scaling 
law between the lowest Reynolds numbers of about 220,000 and 350,000. It 
should be also noted that following the assumptions of reference 9, power 
spectral  densi ty  should vary with Strouhal  number t o  t h e  s i x t h  power. The 
resul t ing one-third octave levels  should then increase 21  d B  per octave of 
frequency. The spectrum  measured for the lowest rotational speed follows t h i s  
behavior for Strouhal numbers from 0.08 t o  0.125; spec t ra  for higher 
rotat ional  speeds have  considerably  smaller  slope. One poss ib l e  in t e rp re t a -  
t ion  of  these  data would be that  rms lift c o e f f i c i e n t ,  spanwise co r re l a t ion  
length,  or both these quant i t ies  decrease rapidly a t  l o c a l  Reynolds numbers 
greater than about 140,000. 
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These spec t ra  are p l o t t e d  i n  f igure  44(b)  ad jus ted  for  a fourth-parer 
. v e l o c i t y  law. This sca l ing  law would correspond to  no i se  r ad ia t ed  by  a 
f luc tua t ion  o f  mass flow.  Agreement  between s p e c t r a  f o r  d i f f e r e n t  r o t a t i o n a l  
speeds i s  improved fo r  S t rouha l  numbers less than 0.5. Very  good agreement 
i s  obtained only for Strouhal numbers  between  0.2  and 0.5. This fourth-power 
dependence may be a co inc identa l  resu l t  o f  the  var ia t ions  of  cy l inder  rms lift 
coe f f i c i en t  and correlation length with Reynolds number a t  t h e s e  t e s t  
condi t ions.  
Scal ing of on-axis  vor tex  noise  spec t ra  for  the  ro tor  wi th  cy l indr ica l  
blades operat ing within i t s  shed wake i n  outdoor tes ts  was shown in  f igu re  
22(a)  of  reference 2. The da ta  were scaled assuming a sixth-power velocity 
law. Except for Strouhal numbers larger than about one,  increasing 
rotational speed caused a decrease of velocity-adjusted sound pressure level .  
These s p e c t r a  a r e  r e p l o t t e d  i n  f i g u r e  45(a) assuming a fourth-power velocity 
sca l ing  law. Spec t r a  fo r  t hese  b l ades  t e s t ed  in  the  wind t u n n e l  a t  z e r o  
forward velocity are sha rn  in  f igu re  45(b) f o r  t h e  same fourth-power velocity 
sca l ing  law. Spec t ra  for  S t rouhal  numbers up t o  about 0.5 a re  brought  in to  
general  agreement  by this  scal ing law. For Strouhal numbers less  than about  
0.16, the veloci ty-adjusted spectra  s t i l l  have largest  amplitude a t  lowest 
rotational speed. This portion of the spectra would be  be t te r  matched by a 
smaller  empirical   velocity  exponent  such  as 3. The spectrum  slope 
associated with such an empir ical  veloci ty  law would be 12 dB per  oc tave ,  in  
g o d  agreement with the data. Both the empirical exponent of a ve loc i ty  law 
that produces agreement for velocity-adjusted spectra a t  Strouhal numbers l e s s  
than 0.2, and the measured spectrum slope a t  these Strouhal  numbers, d i f f e r  
f rom tha t  expec ted  for  the  c lass ica l  s ix th-power  ve loc i ty  law ( r e f .  5 )  f o r  
vortex noise .  It i s  l i k e l y  t h a t  f o r  t h e s e  t e s t  Reynolds numbers the product 
of mean square lift coef f ic ien t  f luc tua t ion ,  cor re la t ion  length ,  and l o c a l  
r o t a t i o n a l  v e l o c i t y  t o  t h e  s i x t h  power a c t u a l l y  v a r i e s  as l o c a l  r o t a t i o n a l  
ve loc i ty  to  abou t  t he  th i rd  power. 
Vortex noise of rotating cylinders was found ( r e f .  2 )  t o  have a broad- 
band  spectrum. It i s  l i ke ly  tha t  vo r t ex  no i se  o r ig ina t ing  a t  each r a d i a l  
s t a t i o n  i s  narrowband random with a center frequency given by a constant 
Strouhal number r e f e r e n c e d  t o  l o c a l  r e l a t i v e  v e l o c i t y .  The ca lcu la t ion  of 
vortex noise regarded each of a d i s c r e t e  number of r a d i a l  s t a t i o n s  as pro- 
ducing pure tones a t  i t s  center frequency. Intensity of each tone was assumed 
as t h a t  f o r  a cyl inder  with coherent  osci l la t ions along a spanwise distance 
equal  to  the  cor re la t ion  length ,  a t  a v e l o c i t y  e q u a l  t o  t h e  l o c a l  r o t a t i o n a l  
ve loc i ty .  Root mean square lift coe f f i c i en t  and correlat ion lengths  were 
obtained from curves fai red through the col lect ion of data for  nonrotat ing 
cy l inders  g iven  in  f igures  5 and 6. Acoust ic  intensi ty  in  each one-third 
octave band was then  ca lcu la ted  by summing the  in t ens i ty  o f  a l l  tones within 
t h a t  band. 
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To perform t h i s  c a l c u l a t i o n ,  it i s  necessary t o  make some assumptions 
for  the spacing of acous t ica l ly  rad ia t ing  reg ions .  One possible  method  would 
assume t h a t  t h e  r a d i a l  d i s t a n c e  between centers of each tone-producing region 
was some cons tan t  f rac t ion  of  cor re la t ion  length  or  cy l inder  diameter. 
Alternately,  radiat ing regions could be assumed t o   d i f f e r  by a constant  
interval of frequency or Strouhal number. It can  be shown t h a t  use  of 
constant increments of radial  dis tance i s  equivalent t o  constant increments 
of Strouhal number. Constant increments of frequency would give a more rap id  
increase of OASFT, wi th  ro t a t iona l  speed than would be ca lcu la ted  for  cons tan t  
increments of Strouhal number. Because the  tes t  condi t ions  inc luded  the  
c r i t i c a l  Reynolds number regime, radial  increments  equal  to  a cons tan t  f rac-  
t i o n  of correlat ion length gave a more rapid increase of QASPL wi th  ro t a t iona l  
speed. 
Spectra measured on t h e  r o t a t i o n a l  axis two rotor diameters ahead of the 
cy l ind r i ca l  b l ades  wi th  the i r  shed wakes blown downstream a r e  compared wi th  
calculated one-third octave spectra  in  f igure 46. The two  symbols denote 
blades with squared tips (squares, runs 38-41) and semisphere t ips  (c i rc les ,  
runs 50-53). Radial increments between tone-producing segments were taken 
as one- th i rd  the  loca l  cor re la t ion  length  for  ca lcu la t ions  shown as dash l ines .  
The so l id  l i nes  r ep resen t  5 Hz frequency increments between adjacent segments. 
Both calculations excluded noise from radia l  pos i t ions  wi th in  one cyl inder  
d iameter  f rom the  t ip .  This  a rb i t ra ry  t ip  e f fec t  was needed t o  prevent 
calculat ion of  excessive noise  in  the one-third octave band tha t  contains a 
Strouhal number of 0.2 referenced to  rotat ional  speed.  Experimental ly ,  
changing the blade t i p  shape had no e f f e c t  on sound rad ia t ion .  Both ca lcu la-  
t i o n s  produced i r r egu la r  spec t r a  a t  low one-third octave center frequencies 
where only a small number of tones occurred within each frequency band. Use 
of a constant  f ract ion of cor re la t ion  length  (dash l i nes )  c lose ly  p red ic t ed  
the vortex noise spectrum a t  the lowest rotational speed. It d i d  not give as 
much rounding of the spectrum w i t h  increasing speed as had been  measured. Use 
of a constant frequency increment (solid l ines) gave a be t te r  pred ic t ion  of  
the change i n  spectrum  shape w i t h  increasing rotat ional  speed.  Both  methods 
gave near ly  the same values  for  OASFT, which were within 1.4 dB of the  da ta .  
Both methods gave no explanation for the spread of peak amplitude to one or  
two one-third octave bands above those which corresponded t o  a Strouhal  
number of 0.2 r e fe renced  to  ro t a t iona l  t i p  speed .  
The spectrum measured a t  the lowest speed could also be matched by using 
radial  increments of half a cylinder diameter. For t h i s  geometry, t h a t  radial 
increment corresponds t o  increments  of  about 0.003 for  S t rouhal  number. These 
spec t r a  a re  no t  shown i n   f i g u r e  46 t o  avoid excessive clut ter  of the  f igure .  
Spectra  calculated with this  approximation for  larger  rotat ional  speeds had 
low-frequency amplitudes between those given by the other two methods and a 
35 
rounded  shape similar to  that  for  constant  f requency increment .  Ampli tudes 
a t  constant frequency, and OASPL, became increasingly underpredicted as 
ro ta t iona l  speed  was increased. 
The ca l cu la t ion  which used a constant increment of frequency gives one- 
third octave spectrum levels  that  are  independent  of rotat ional  speed except  
for  the highest  f requency band.  Measured and ca l cu la t ed  spec t r a  fo r  t hese  
four  rotat ional  speeds are  superimposed in  f igure 47. It can be seen that  the 
measured vortex shedding noise for frequencies from 125 t o  400 Hz d i d  behave 
i n  t h i s  manner. 
This same method was used fo r  ca l cu la t ing  vo r t ex  no i se  o f  cy l ind r i ca l  
b l a d e s  r o t a t i n g  i n  t h e i r  own shed  wakes. It was found in  reference 18 t h a t  
upstream turbulence decreases rms lift coe f f i c i en t  and cor re la t ion  length  for  
untapered cylinders in nonrotating flow. This effect  was considerably larger 
a t  a s u b c r i t i c a l  Reynolds number t h a n  i n  t h e  c r i t i c a l  Reynolds number regime. 
A s  sketched in  f igures  5 and 6, turbulence was assumed t o  have no e f f e c t  on 
l i f t  coe f f i c i en t  and cor re la t ion  length  a t  a Reynolds number of 3OO,OOO. 
Below t h i s  Reynolds number, the increase of  each quant i ty  with decreasing 
Reynolds number was a r b i t r a r i l y  assumed t o  be halved. For l a rge r  Reynolds 
numbers, rms l i f t  c o e f f i c i e n t  was assumed t o  d e c r e a s e  t o  t h e  l e v e l s  r e p o r t e d  
in  reference 16. Spectra measured a t  microphone 5 on t h e  r o t a t i o n a l  a x i s  two 
rotor diameters ahead of t h e  c y l i n d r i c a l  b l a d e s  i n  t h e  wind tunnel a t  zero 
a x i a l  v e l o c i t y  a r e  compared wi th  ca lcu la ted  spec t ra  in  f igure  48. These data 
f o r  c y l i n d r i c a l  b l a d e s  r o t a t i n g  i n  t h e i r  shed wakes a r e  from runs 31-34 f o r  
the squared-tip blades.  A t  frequencies above 80 Hz and  below a Strouhal 
number of 0.2 based on t i p  speed, measured one-third octave SPL's were 
independent of rotational speed as predictod by the calculation. The 
ca lcu la ted  spec t ra  were considerably steeper and more sharply peaked than was 
measured, but calculated and measured OASPL's agreed within about 1.5 dB. 
A i r fo i l  c ros s  sec t ion .  
High-frequency spectra. - The most d i s t i n c t i v e  f e a t u r e  of spec t ra  measured 
wi th  the  he l i ca l ly  tw i s t ed  NACA 0012 a i r f o i l  b l a d e s  and shed wakes blown 
downstream was a peak a t  high frequencies. Spectra measured two r o t o r  
diameters upstream on t h e  r o t a t i o n a l  a x i s  a r e  shown i n  f i g u r e  49 fo r  t hese  
blades with two d i f f e r e n t   t i p  shapes a t  700 and 850 rpm ro ta t iona l  speeds .  
Also shown a r e  background noise  spec t ra  for  the  wind tunnel a t  approximately 
t h e  same a x i a l  v e l o c i t y  and the  d r ive  motor a t  t h e  same rotat ional  speeds b u t  
without blades. The background noise contained peaks i n  t h e  125  and 500 Hz 
one-third octave bands which influenced spectra measured w i t h  the blades.  
However, blade spectra  for  f requencies  greater  than 800 Hz were considerably 
stronger  than  background. The blades with squared-off t ips (model configura- 
t i o n  20)  had sharply peaked spec t ra  a t  h igh  f requencies .  Adding a rounded 
body of  revolut ion to  the blade t ip  (configurat ion 21)  great ly  decreased the 
peak. 
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Scaling of on-axis  spectra  for  the blades with squared-off  t ips  had been 
shown in  f igu re  24 (a )  of reference 2. Amplitude was normalized for a s i x t h -  
power ve loc i ty  law by  sub t r ac t ing  s ix ty  t imes  the  loga r i thm o f  ro t a t iona l  t i p  
speed. Frequency was scaled by dividing one-third octave center frequencies 
by t h e  r o t a t i o n a l  t i p  speed. The low-frequency portion of those scaled data 
f o r  400 rpm did not agree with scaled data for other speeds,  probably because 
it was dominated by background noise. The high-frequency portion of these 
sca led  spec t ra  for  the  b lades  wi th  shed  wakes blown downstream a r e  shown i n  
f igu re  5O(a) for  the  squared-of f  b lade  t ips  and f igu re  50 (b )  fo r  rounded 
b lade  t ips .  Spec t ra  for  the  squared-of f  t ip  were coalesced a t  large frequen- 
c i e s  and exhibited a well-defined peak with amplitude 10 t o  15 dB above t h e  
normalized level measured a t  lower frequencies. I n  cont ras t ,  sca led  spec t ra  
f o r  t h e  same blades but with rounded t i p s  had a broader,  less well-defined 
peak with about 5 dB increase of amplitude. The scaled frequency a t  t h i s  peak 
was about half an octave smaller than that for the squared-off blade tip. 
Normalized high-frequency peaks measured on t h e  r o t a t i o n a l  axis f o r  t h e  
untwisted rotor  with air foi l  blades operat ing in  their  shed wakes a r e  shown 
i n  f i g u r e  51. For t e s t s  conducted i n  t h e  wind t u n n e l  a t  z e r o  a x i a l  v e l o c i t y  
( f i g .  5 l ( a ) ) ,  the squared-off  t ips  within their  shed wakes produced a smaller 
peak than w i t h  t h e  wake blown downstream (fig.  5O(a)) but a stronger peak 
than  tha t  fo r  t he  rounded t i p s  w i t h  t h e  wake blown downstream ( f ig .  5O(b) ) .  
Blades with rounded t i p s  produced roughly t h e  same scaled spectra whether i n  
( f i g .  5 l ( a ) )  or out  ( f ig .  5O(b))  of t h e i r  shed  wakes. Narrowband spec t ra  for  
these  two configurations,  shown in  f igu re  33 of reference 2 ,  ind ica ted  no 
e f f e c t  of t i p  shape because they did not extend above 2000 Hz frequency where 
these peaks occurred. The untwisted blades were tested outdoors only with 
squared-off  t ips .  Scaled spectra  for  this  condi t ion (f ig .  51(b))  were  about 
10 dB below those  for  the  wind tunne l  a t  ze ro  ax ia l  ve loc i ty  bu t  t hey  
continued t o  show a well-defined peak. Adding No. 14 g r i t  roughness t o  t h e  
blade leading edge d i d  not change the normalized spectra  ( f ig .  51(b)) .  
One possible explanation for the high-frequency peak would be t h e  
presence  of a i r f o i l  t o n e  n o i s e  ( r e f s .  11, 26,  and 2 9 ) .  As discussed 
previously, constant-chord nonrotating airfoils having large chordwise extents 
of laminar flow on one surface w i l l  r a d i a t e  sound a t  the frequency for which 
Tol lmein-Schl icht ing instabi l i ty  waves have maximum amplitude a t  t h e   t r a i l i n g  
edge. Blade r o t a t i o n  would produce a r a d i a l  v a r i a t i o n  of r e l a t i v e  v e l o c i t y  
and therefore of tone frequency. If t h i s  i s  the blade tone noise mechanism, 
frequency should be normalized as t h e   q u a n t i t y   f ( c ~ ) ' / ' V t - ~ / ~  where v i s  t h e  
kinematic  viscosi ty .  M a x i m u m  scaled tone frequency i n  nonrotating flow can 
then be obtained from equation (11) where t h e  l a s t  t e r m  on the r ight-hand s ide 
i s  a function of Reynolds number given by laminar boundary l a y e r  i n s t a b i l i t y  
theory. For nonrotating flow a t  t h e  t i p  Reynolds numbers of t h e s e  t e s t s ,  
t h i s  term would be approximately equal t o  0.10 so the normalized spectra 
would be expected t o  peak a t  a frequency parameter near 0.09. Also, i f  tone 
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ampl i tude  for  nonro ta t ing  a i r fo i l s  var ied  wi th  re la t ive  ve loc i ty  to  the  s ix th  
power for t h e s e  t e s t  Reynolds numbers, it can be shown t h a t  power spec t r a l  
density should vary with frequency t o  t h e  14/3 power. The resul t ing one-third 
octave spectra would then increase with a slope of 17 dB per octave. Because 
a i r f o i l  t o n e  n o i s e  i s  a feedback process, i t s  amplitude can saturate causing 
a smaller velocity exponent for amplitude and therefore a smaller slope. 
Helicopter t a i l   r o t o r   s p e c t r a  measured along the rotational axis, p l o t t e d  i n  
f igures  45 through 49 of reference 29, also exhibited a high-frequency peak. 
The spectrum amplitudes grew with this expected slope at  moderate collective 
p i tch  angles  (3' t o  9") and smal le r  s lopes  a t  l a rger  angles .  Those blades 
had constant chord and rounded t i p s .  
Spectra normalized for this frequency behavior are plotted in figure 52 
for  both t ip  shapes of  the hel ical ly  twisted rotor  with blade wakes blown 
downstream. The high-frequency peak measured wi th  the  rounded  t ip  a t  d i f f e r -  
ent  rotat ional  speeds was coalesced about as well by this frequency parameter 
a s  by the simple scaling of figure 5O(b). Maximum amplitude generally 
occurred in the one-third octave bands centered a t  frequency parameters near 
0.01 and  0.0125. Thus the  peak frequency was about one-third octave larger 
than the value of  0 .09 predicted for  a i r foi l  tone noise  in  nonrotat ing f low.  
As wi th  the  t a i l  ro to r  t e s t s  r epor t ed  in  r e fe rence  29 ,  t one  no i se  appa ren t ly  
occurred on these  ro ta t ing  b lades  a t  cons iderably  la rger  Reynolds numbers 
than would  be expected from tests  of  nonrotat ing airfoi ls .  The measured 
spectrum slopes were only about half the 17 dB per octave predicted for strong 
tone noise and measured w i t h  t h e  c i t e d  t a i l  r o t o r .  
In  cont ras t ,  spec t ra  for  d i f fe ren t  ro ta t iona l  speeds  of  the  b lades  
with squared-off t ips were spread apart by this frequency scaling law. Peak 
amplitudes occurred a t  scaled frequencies up t o  twice  tha t  pred ic ted  for  
nonrotating flow. Much be t t e r  agreement was obtained by the  sca l ing  law of 
f igure  50 a s  would  be expected for bluff-body vortex shedding noise. For such 
noise ,  and rms l i f t  coe f f i c i en t ,  and correlation length independent of span; 
wise posit ion,  power spectral  densi ty  should increase with frequency to  the 
s i x t h  power. The resulting predicted one-third octave spectrum slope of 21 dB 
per octave, shown i n  f i g u r e s  4 4 ( a )  and 52 (a ) ,  i s  i n  good agreement with the 
measured spectra. Amplitude of this spectrum peak had been decreased by 
ro ta t ing  the  untwis ted  b lades  wi th in  the i r  own wake but had not been changed 
by adding surface roughness t o  cause  boundary  layer  t rans i t ion  ( f ig .  5 l (b) ) .  
Thus the noise behavior resembles that expected for bluff-body vortex shedding 
along the blade radius.  If the  appropr ia te  f low ve loc i ty  ac tua l ly  i s  the  
r o t a t i o n a l   t i p   v e l o c i t y ,   t h e  peak  scaled  frequency  near 70 and a Strouhal 
number of  0.2 would correspond t o  about 3 mm thickness. This dimension i s  
about three t imes the nominal trail ing-edge thickness of an NACA 0012 a i r f o i l  
with the tes ted blade chord.  There i s  no obvious reason why removing the  
rounded blade t i p  should have affected the t ra i l ing edge thickness  3% an 
extensive part  of the blade radius, as would be needed t o  produce the 
observed spectrum shape. Broadband vortex noise of l i f t i ng  ro to r s  has  been  
hypothesized (ref.  30) t o  be trail ing-edge noise caused by the thick turbulent 
viscous core of  the blade t ip  vortex as it i s  convected around the t i p  and 
pas t  t he  t r a i l i ng  edge .  These blades had been operated a t  ze ro  loca l  
inc idence  to  e l imina te  the  l i f t ing  vor tex .  However, rotat ion of  the blades 
would be expected t o  produce cen t r i fuga l  flow of boundary layer a i r .  This 
airflow might have generated bluff-body vortex shedding noise as streamlines 
nea r  t he  b l ade  t i p  moved downstream and over the squared-off t ip.  The range 
of  radiated frequencies  might have been caused by t h e  chordwise variation of 
l o c a l  t i p  t h i c k n e s s .  Such noise would be expected t o  have a spectrum slope 
l e s s  t han  was measured, so th i s  poss ib le  explana t ion  may not be cor rec t .  
Blades "- operating  within  shed wakes. - Narrow-band spectrum  measured 
a long  the  ro ta t iona l  ax is  for  b lades  wi th  NACA 0012 a i r f o i l   s e c t i o n s   r o t a t i n g  
i n   t h e i r  shed wakes were found t o  be dominated by tones a t  harmonics of blade 
passing frequency. However, one-third octave spectra a t  these  pos i t ions  had 
the appearance of broadband noise. Simple theories are available (ref. 22) 
for  ca lcu la t ing  broadband noise  of  i so la ted  a i r fo i l s  in  tu rbulen t  f low,  so it 
was of  interest  to  determine whether  those methods would predic t  the  measured 
spec t ra .  It was shown in  f igu res  23 (a )  and 25(a)  of  reference 2 that  on-axis  
spec t ra  measured a t  the outdoor whirlstand and i n   t h e  wind t u n n e l  a t  z e r o  a i r -  
speed were coalesced when one-third-octave data, normalized by subtracting 
s ixty t imes the logari thm of  rotat ional  t ip  speed,  were plot ted against  the 
r a t i o  of frequency t o   t i p  speed. These data presentat ions are reproduced i n  
f igure  53 herein.  The spectra increase about 12 dB per octave a t  low 
frequencies corresponding to a power s p e c t r a l  d e n s i t y  t h a t  v a r i e s  w i t h  
frequency cubed. They decrease 9 dB per octave a t  high frequencies corres- 
ponding t o  a power spec t r a l  dens i ty  tha t  va r i e s  i nve r se ly  wi th  f r equency  to  
the  four th  power. Power spec t ra l  dens i t ies  ca lcu la ted  by the  method 
recommended in  r e fe rence  22 would follow this high-frequency decay rate b u t  
would increase with frequency squared a t  low frequencies.  
Hel icopter  rotor  discrete-frequency rotat ional  noise  had been predicted 
in  re ferences  31 and 32 by representing the blade loads over the entire rotor 
by t h e i r  s p e c t r a  as measured a t  80% radius. Following the same simplifying 
approximation, on-axis broadband noise of the two-blade untwisted rotor moving 
i n  i t s  own turbulent  wake was approximated as t h a t  from a n o n r o t a t i n g  a i r f o i l  
with chord equal t o   t h e  blade chord, span equal t o  the blade diameter, and 
v e l o c i t y  e q u a l  t o  0.8 times the rotat ional  t ip  speed.  One-third octave 
spec t ra  were than calculated from equation (23) of reference 22, which i s  
given by equation (8) herein with the bandwidth taken as 0.232 f .  
I n   t h i s  comparison, velocity was taken as 0.8 times the r o t a t i o n a l   t i p  
speed. Turbulence level and turbulence  length  sca le  were  a rb i t ra r i ly  var ied  
unt i l  genera l  p roper t ies  of  the  measured spec t ra  were  matched. Resulting 
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calculated curves are shown i n  f igu re  53 f o r  t h e  lowest, second lowest, and 
highest  rotat ional  speeds.  Turbulence level  was taken as 0.35% f o r  t h e  out- 
door t e s t s  and 0.7% f o r  t h e  wind tunnel,  and 3 cm was used for  the turbulence 
scale  length.  These very small turbulence levels ,  and a scale length of about 
twice  the  turbulen t  wake thickness a t  t h e  blade t r a i l i n g  edge, were s u f f i c i e n t  
t o  match the general  levels  and behavior  of measured spec t ra . '  The measured 
4 dB decrease of normalized peak amplitude with increasing rotational speed 
was predicted by the noncompactness compress ib i l i t y  f ac to r ,  and the predicted 
6 dB decrease of amplitude a t  larger reduced frequencies agreed with the wind 
tunnel  data. Calculated  spectra were l e s s  s h a r p l y  peaked  than  the data. It 
i s  l i ke ly  tha t  t he  tu rbu lence  spec t rum in  the  b l ade  ro t a t iona l  p l ane  i s  not 
t ha t  fo r  i so t rop ic  tu rbu lence  as given by equation (10) b u t  i t s e l f  i s  somewhat 
peaked. The second  peak i n  t h e s e  measured spec t r a  a t  very high frequencies 
appears t o  be a i r fo i l  vo r t ex  no i se .  
Spectra measured on t h e  r o t a t i o n a l  a x i s  of untwisted a i r f o i l  b l a d e s  
ope ra t ing  in  the i r  own wakes were found by narrowband a n a l y s i s  t o  c o n t a i n  
peaks a t  l a rge  harmonics of blade passing frequency. An example 10 Hz 
bandwidth spectrum measured i n   t h e  wind tunnel a t  850 rpm, taken from f i g u r e  2 
of reference 2,  i s  shown.in figure 54(a) .  This  spectrum  has  peaks a t  more 
t h a n   t h i r t y  harmonics of blade passing frequency with a broad m a x i m u m  centered 
near the 15th harmonic. Narrowband spectra  for  the cyl inder  blades operat ing 
i n  t h e i r  shed wakes, a l so  g iven  in  re ference  2 ,  d i d  not contain these peaks.  
Uniformly d is t r ibu ted  turbulence  would be expected t o  produce broadband noise  
ra ther  than tones.  Tone r ad ia t ion  by i so l a t ed  ro t a t ing  b l ades  a t  z e r o  f l i g h t  
speed has  been at t r ibuted (ref .  33) t o  chopping of turbulent  eddies  by blades 
having  nonzero  unsteady lift response. Tones observed on t h e  r o t a t i o n  a x i s  
wi th  untwis ted  a i r fo i l  b lades  opera ted  in  the i r  own wakes outdoors might have 
been caused by atmospheric turbulence convected through the rotor disc by 
occasional  gusts .  When t h e  wind tunnel  i s  run a t  zero  mean flow speed the 
edd ie s  a r i s e  from t h e  wakes of previous blade passages. Starting with a 
s imple analyt ical  model f o r  t h e  sound spectrum produced by a i r f o i l  b l a d e s  
chopping through turbulent eddies (ref. 34), it i s  p o s s i b l e  t o  c a l c u l a t e  
co r re l a t ion  l eng ths  of these eddies .  Cyl indrical  blades operated in  a i r  con- 
t a in ing  these  same eddies would not radiate tone noise because cylinders 
have negl ig ib le  l i f t  force response to  incidence f luctuat ion.  
Acoustic power r ad ia t ed  a long  the  ro t a t iona l  ax i s  will be propor t iona l  
t o  t h e  second  time der ivat ive of  the loading.  Thus the  acous t ic  power 
spec t r a l  dens i ty  Spp w i l l  be proportional to the product of frequency squared 
and the  overa l l  ro tor  loading  power s p e c t r a l  d e n s i t y  SLL 
I n  terms of  the  cor re la t ion  func t ions  of  acous t ic  pressure  and  b lade  loading ,  
The autocorrelat ion of  the loading RLL(?) can be w r i t t e n  a s  
where f and g are general functions of frequency. If th is  loading  i s  
generated by turbulence with a t r ansve r se  sca l e  much smaller than the distance 
between ro tor  b lades ,  f w i l l  be a sharply peaked function of time and g a 
broad function of time. This type of analytical model of  the  au tocorre la t ion  
function of 
func t ion  f ,  
co r re l a t ion  
through the 
If the  
through the 
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blade loading i s  sketched i n  f i g u r e  5 4 ( b ) .  The sharply peaked 
a l so  ske tched  in  th i s  f i gu re ,  i s  similar t o  t h e  l i f t  c ross -  
t h a t  would be incurred by the  ro tor  b lade  moving r e c t i l i n e a r l y  
same turbulence  f ie ld .  
turbulence has a long axial sca l e  or i f  i t s  r a t e  of movement 
rotor  plane i s  small, then one would expect a strong blade-to-blade 
c ross -cor re la t ion  a t  a retarded t ime equal to the blade passage t ime. I n  other 
words, i f  one rotor blade experiences a cer ta in  force  pa t te rn  when it passes 
a specified azimuthal posit ion,  the following blade would be expected t o  
experience much t h e  same force when it passes the same point a t  a time 
T = 2rr/BR l a t e r .  Thus,  g ( T )  r e p r e s e n t s  t h e  r a t e  a t  which turbulent  eddies  
decay or  pass out of the rotor plane.  
The Fourier transform of equation (14), the autocorrelation of loading, 
i s  
Since i n  general  the Fourier transform of a broad function i s  a peaked 
function and vice-versa, F(w) which i s  the Fourier transform ‘of f(r) will be 
a broad function of frequency. Also, G(w), the Fourier transform of g(T),  
will be a peaked function. Combining equations (12) and (15) g ives  fo r  t he  
f a r - f i e l d  sound on the  ro to r  ax i s  
Spp(w)=Aw2Bf iC F(nBa)G(w-nBSZ) 
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If an acoustic spectrum measured on t h e  axis of a rotor has similarly shaped 
spec t r a l  peaks  a t  harmonics of blade passage frequency, .equation (16) can be 
u t i l i z e d  t o  d e r i v e  some of  the turbulence character is t ics .  
The cor re la t ion  between loading fluctuations on successive blades can be 
determined from the function G(w) whose Fourier transform i s  the envelope of 
the autocorrelat ion as  sketched in  f igure 54(b) .  Two simple analytic- 
func t ions  tha t  have the observed e,xponential decay, and the i r  Four ie r  t rans-  
forms, are given by 
The reference frequency w o  can be determined by requi r ing  tha t  these  assumed 
spectra reproduce the narrowband peaks in  the  acous t ic  spec t ra  of f igu re  
54(a)  between  roughly 200 and 400 Hz frequency. These show a decrease of 
about 14 dB over a frequency change  of  about 8.75 Hz. Blade passing 
frequency was 28.3 Hz f o r  t h i s  two-bladed r o t o r   a t  850 rpm rotation speed. 
The 14 dB change would be given by the f i r s t  p a r t s  of equations (17) and (18) 
i f  the reference frequency wo was about 30.6 rad/sec or 1 . 0 8 / ~  for equation 
(17) and  about 18.45 rad/sec or 0.603/T for  equat ion (18). Here, T i s  t h e  
time between blade passages (the reciprocal of blade passing frequency).  The 
cor re la t ion  between the unsteady force on a blade and the force on the  
following blade a time T l a t e r  i s  given by the rat io  of g ( 7 )  e v a l u a t e d  a t  
time T t o  i t s  value a t  ze ro  de l ay  t ime .  Th i s  r a t io  i s  0.750 for equation (17) 
and  0.734 for  equat ion (18). Thus the unsteady loading which produced the 
observed noise shown in  f igu re  54 (a )  had a s t rong blade-to-blade correlat ion.  
Also,  because the autocorrelation functions g(7) decayed t o  about e-1 i n  two 
blade passage t imes,  the eddies existed within the blade disc for a time not 
much larger  than one ro t a t ion .  
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FYom t h e   a n a l y t i c a l  model o f  t he  sound FSD as given by equation (16), 
G(U) represents the shape of each particular peak and w2F(w)  r ep resen t s  t he  
overall envelope of the peaks. Peak amplitudes obtained from the data of 
f i g u r e  54(a), normalized relative t o  an average of the m a x i m u m  peaks,  are 
shown by c i r c l e  symbols i n  f i g u r e  5 4 ( c ) .  To determine a co r re l a t ion  l eng th  
for the  turbulent  eddies ,  two d i f fe ren t  ana ly t ica l  approximat ions  to  the  
envelope of these peaks were  assumed. The simpbe approximation 
i s  shown in  f igu re  54 (c )  by a s o l i d  l i n e  and the lengthier approximation 
gives a b e t t e r  match to  the high-frequency data  and i s  shown as a dash l ine.  
The approximate eddy scale of the flow can be determined by calculating the 
value of delay time a t  which the Fourier transforms of these expressions 
decay  by e - l .  For both equations (19) and (20) ,  th i s  de lay  time i s  about 
8.0 x sec.  The d is tance   t rave led  by t h e   s t a t i o n   a t  3/4 blade  radius 
during this  t ime was about 8.1 cm (3.2 i n . )  which represents  the azimuthal  
d i s tance  over which the unsteady blade force can be considered correlated.  
Because there  was zero mean a x i a l  flow through the rotor, nothing can be 
inferred about  the turbulence axial  length scale .  
The inferred turbulent eddy azimuthal length scale of 8 cm (3 .1  i n . )  
r equ i r ed  to  produce the  narrowband peaks measured on the  ro t a t ion  ax i s  i s  
about three t imes the 3 cm (1.2 in . )  length scale  inferred by regarding the 
one-third octave spectra as broadband  noise.  Both  types  of  analysis  thus 
show t h a t  t h e  t u r b u l e n t  eddy scale  length was of the order of t h e  5 cm 
(2 i n . )  a i r f o i l  b l a d e  maximum thickness.  
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CONCLUSIONS AND RECOMMENDATIONS 
Noise da t a  were obtained for a nonrotating constant-diameter circular 
cylinder,  constant-chord NACA 0012 airfoil ,  tapered-diameter cylinder,  and 
tapered-chord airfoi ls .  Avai lable  theories ,  surface pressure measurements, 
and surface pressure  c ross -cor re la t ions  were u t i l i z e d  t o  p r e d i c t  f a r - f i e l d  
noise for comparison with data.  These ca l cu la t ion  methods  were then  u t i l i zed  
t o   p r e d i c t  sound spec t ra  on t h e  r o t a t i o n a l  a x i s  of r o t a t i n g  blades with 
c i r cu la r  cy l inde r  and wi th  NACA 0012 a i r f o i l  s e c t i o n s .  On t h e  b a s i s  of t h i s  
analysis,  the folluwing conclusions and recommendations were obtained: 
1. Noise r a d i a t i o n  from nonrota t ing   c i rcu lar   cy l inders  a t  t r a n s c r i t i c a l  
Reynolds numbers depends strongly on surface condition and Reynolds number. 
2 .  Because  bluff-body  vortex  noise from aircraf t  landing gear  wheels  
and c y l i n d r i c a l  struts i s  l i k e l y   t o  be a major component of airframe noise 
for  a i rc raf t  dur ing  landing  approach ,  it i s  recommended tha t  no i se  measure- 
ments be obtained for such configurations a t  c l o s e  t o  f u l l - s c a l e  Reynolds 
numbers and compared w i t h  cur ren t  pred ic t ion  methods. 
3. Rotat ing-blade  c i rcular   cyl inder   vortex  noise   overal l  sound 
pressure  leve l ,  and spectrum shape a t  frequencies up t o  t h e  peak frequency, 
can be predicted using rms lift coe f f i c i en t  and co r re l a t ion  l eng th  da t a  fo r  
nonrotat ing cyl inders .  A t  h igher  f requencies ,  the rotat ing-blade spectra  
decay less  abrupt ly  than  i s  predicted from nonrotat ing cyl inder  data .  
4. Blowing the  shed wake of r o t a t i n g  c y l i n d r i c a l  blades downstream 
reduces the turbulence level  a t  t he  b l ades ,  s l i gh t ly  inc reas ing  the  rms l i f t  
coe f f i c i en t s  and correlat ion lengths  on the blade outboard regions and thereby 
increasing the vortex noise without greatly changing the spectrum shape. 
5 .  Noise r a d i a t i o n  from nonrotating  airfoils  in  low-turbulence  f low 
occurs as very sharp narrowband random peaks. Center frequencies of these 
peaks are approximately predicted by Tollmein-Schlichting laminar boundary 
layer  ins tab i l i ty  theory .  This  no ise  weakens and disappears as Reynolds 
number i s  increased suff ic ient ly  to  e l iminate  laminar  boundary layers  near  
t h e  t r a i l i n g  edge. 
6. Noise radiat ion from n o n r o t a t i n g  a i r f o i l s  i n  t h e  t u r b u l e n t  wake 
shed by an upstream a i r f o i l  i s  about 4 dB weaker than  tha t  ca l cu la t ed  fo r  
a i r f o i l s  i n  s p a t i a l l y  uniform turbulent flow having the same turbulence 
proper t ies  a t  t h e  a i r f o i l  chord plane. 
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7. Vortex noise f'rom ro ta t ing  a i r fo i l - shaped  b lades  wi th  t h e i r  shed 
wakes blown downstream have the behavior of a i r f o i l  t o n e  n o i s e  f o r  blades 
with rounded tips. Blade rotation increases the m a x i m u m  Reynolds number a t  
which such noise occurs. Rotating blades with square t ips produced stronger 
high-frequency noise which varied with rotation speed in the manner of b l u f f -  
body vortex shedding noise. This noise may have been caused by boundary 
layer flow being centrifuged off the sharp-edged blade t ips.  
8. It is  recommended tha t  vor tex  noise  from rotat ing blades with 
square and rounded t i p s  be measured f o r  blades a t  nonzero thrust  to  determine 
whether the high-frequency noise observed with square-tip blades i s  a l t e r e d  
by formation of the  b l ade  t i p  vo r t ex .  
9.  On-axis noise  from a i r fo i l - shaped  b l ades  ro t a t ing  in  the i r  shed  
wakes i s  dominated by incidence-f1.uctuation noise caused by blades slicing 
through discrete  turbulent  eddies  with length scales  of  the order  of t he  
blade maximum thickness and turbulence levels of the order of ha l f  a percent.  
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APPENDIX A : STRIP THEORY FOR VORTEX NO1 SE 
Vortex noise of c i r cu la r  cy l inde r s  i n  uniform flow was analyzed by 
P h i l l i p s  ( r e f .  3) for  very  .low subsonic flow velocit ies.  A r igorous analysis  
that  includes subsonic  convect ion effects  i s  given in  Sect ion 3.5.1.2 of 
reference 5. That solution should be directly applicable t o  vortex noise 
from any surface which i s  acous t i ca l ly  compact along the chord. L i f t  fo rce  
f luc tua t ion  was assumed t o  have the  same simple-harmonic frequency and 
amplitude everywhere along the span b u t  t o  v a r y  randomly i n  spanwise phase. 
Equivalently,  one could regard the l i f t  fo rce  f luc tua t ion  a t  a l l  spanwise 
loca t ions  as having the same sharply peaked narrowband-random spectrum when 
averaged  over many per iods of  osci l la t ion.  Cross-correlat ions taken over  
times of the order of a period might show t h a t  l i f t  forces per unit  span were 
d i f fe ren t  in  f requency  and amplitude in addition to phase.  Effects of span- 
wise nonuniformity in geometry and re lak ive  ve loc i ty  a re  examined below while 
maintaining the descr ipt ion of  constant  lift force spectrum but randomly 
varying  spanwise  phase.  Nomenclature i s  t h a t  of reference 5 except  that  
subscr ipt  and superscr ipt  zeros  which denoted free-stream quantities have 
been omitted except for the speed of sound. Far-field density fluctuation 
per unit  length of cyl inder  was given by equation (3-89)  of reference 5. The 
dens i ty  f luc tua t ion  produced i n  t h e  far f i e l d  by the force f luctuat ion along 
the  en t i r e  cy l inde r  was given by equation (3-91). That equation can  be 
modified for spanwise nonuniformity by moving a l l  quan t i t i e s  which might vary, 
such as rms l i f t  coe f f i c i en t  K, Strouhal number S t ,  r e l a t i v e  v e l o c i t y  V, and 
r e l a t i v e  Mach number M, under the  in tegra l  s ign .  Then from  equation (3-94) 
the   f a r - f i e ld   acous t i c   i n t ens i ty  = s / p c 0  i s  
Here the coordinate system i s  centered a t  midspan with 53 measured spanwise. 
The azimuth  angle 8 ,  s ide l ine   angle  @, and other   geometr ic   quant i t ies   are  
sketched below, and 5 i s  a spanwise distance. 
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If t h e  geometry and flow f i e l d  had no spanwise va r i a t ion  and i f  the vortex 
shedding process was highly coherent along the span, the phase angle +would 
be constant along the span. Then the  second exponential  in equation ( A l )  
would be equal t o  un i ty .  If t h e  argument  of t he  f i r s t  exponential i s  small 
compared with uni ty ,  e i ther  because the Mach number i s  very small or because 
the  s ide l ine  angle  i s  small, t h e  f irst  exponential would a l s o  be  unity. Then 
f o r  a lift f o r c e  f l u c t u a t i o n  t h a t  i s  highly coherent along the span as can 
occw with small, s l i g h t l y  v i b r a t i n g  wires, equation (3-93) of reference 5 i s  
obtained. 
The form of th i s  equat ion  was ver i f ied experimental ly  by Gerrard ( r e f .  35) 
who found tha t  acous t ic  in tens i ty  var ied  wi th  length  squared  and was 
independent of diameter for cylindrical  wires a t  Reynolds numbers near 6000. 
The analysis  within reference 5 was concerned with constant-diameter 
cy l inders  for  which rms l i f t  coe f f i c i en t  had constant amplitude and constant 
spectrum shape along the span. Only the phase angle  a t  each eequency was 
assumed t o  v a r y  w i t h  spanwise position. If the spectrum of l i f t  coe f f i c i en t  
was narrowband-random rather than concentrated a t  one frequency, the analysis 
would be changed o n l y  i n  t h a t  a c o u s t i c  i n t e n s i t y ,  lift c o e f f i c i e n t ,  and 
cor re la t ion  length  would have t o  be expressed as power spec t r a l  dens i t i e s .  
However, problems of i n t e r e s t  f o r  t h i s  study include spanwise variations of 
l o c a l  l i f t  coeff ic ient  spectrum in addi t ion to  phase angle .  The narrowband 
c o r r e l a t i o n  c o e f f i c i e n t  i s  assumed t o  be Gaussian as in  re ference  5 b u t  t h e  
lift c o e f f i c i e n t  a t  each frequency i s  assumed given by i t s  constant-diameter 
value for only a cor re la t ion  length  Ry and t o  b e  
and r e l a t i v e  v e l o c i t y  a r e  assumed constant over a 
Then, 
zero  elsewhere.  Diameter 
phase correlat ion length A .  
If the phase correlat ion length R i s  small compared with the cyl inder  length,  
t he  limits of the remaining integral  in  equat ion ( A l )  can be extended t o  p l u s  
and minus i n f i n i t y .  For constant  geometry  and  velocity,  equation (Ab) can 
then be i n t e g r a t e d  t o  y i e l d  
This equation would be iden t i ca l  t o  equa t ion  (3-95) of reference 5 i f  the  l i f t  
coef f ic ien t  cor re la t ion  d is tance  Ry i s  taken equal t o  the  span .  For p r a c t i c a l  
calculat ions involving nonuniform geometry and flow, it i s  convenient t o  
consider only those measurement d i r ec t ions  fo r  which the  s ide l ine  angle  i s  
approximately  zero. Then equation (Ab) becomes 
which i s  the  key equation for vortex noise calculation. 
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The Gaussian spanwise decay assumed in  r e fe rences  3 and 5 i s  nc;t 
necessar i ly  a good approximation for Reynolds numbers of i n t e r e s t .  It was 
shown i n  f i g u r e  12 of reference 20 t o  give a close prediction of the spanwise 
decay of cor re la t ion  coef f ic ien t  for  a circular  cyl inder  a t  a Reynolds number 
of 53,500. However, co r re l a t ion  coe f f i c i en t s  shown i n  f i g u r e  19 of 
reference 17 had  a more r ap id  in i t i a l  decay  and a l e s s  r a p i d  f a l l - o f f  a t  
l a rge  d is tances .  Those data f o r  Reynolds numbers from 260,000 t o  5,500,000 
were closely matched by an exponential decay, exp ( -  151 / A ) .  Then the term 
( -t22/2R2) in  equat ions  ( A 3 ) ,  (Ah), and ( A 6 )  would be replaced by ( -  (51 / A )  and 
t h e  f a c t o r  &A in  equat ion  ( A 5 )  would become 21. This  resul t  i s  conceptually 
appealing because correlation length R i s  defined for correlations extending 
i n  o n l y  one spanwise direction. If t h i s  c o r r e l a t i o n  l e n g t h  was ha l f  the  
cylinder length,  l i f t  f luc tua t ions  would be correlated over  the ent i re  span 
and equation ( A 5 )  modified for exponential decay would reduce t o  equation (A2). 
This analysis gives no obvious way t o  pred ic t  or even def ine precisely 
the  d is tance  Ry f o r  which the  power spec t r a l  dens i ty  of l i f t  force  f luc tua-  
t i on  has  s ign i f i can t  con ten t  a t  a given frequency. For a constant-diameter 
cy l inder ,  th i s  d i s tance  i s  equal  to  the  en t i re  span .  It i s  smaller than the 
span of a tapered nonrotating o r  constant-diameter rotating cylinder,  wi th  a 
lower limit equal  to  twice the phase correlat ion length.  The data presented 
here in  for  a 2 : l  tapered cylinder were u t i l i zed  fo r  comparing these  two 
experimentally determined lengths. 
APPENDIX B: RF,LATION BETWl3EN CYLINDER SURFACE PRESSURE FLUCTUATION 
AND LIFT COEFFICIENT  FLUCTUATION 
Consider  the pressure dis t r ibut ion on a l i f t i n g  c i r c u l a r  c y l i n d e r  i n  
incompressible inviscid flow. From the unsteady Bernoulli equation, 
- d+/dt + q2 + p / p  = constant (B1)  
where @ i s  the  poten t ia l  func t ion  and q i s  the  resu l tan t  ve loc i ty .  Far  
upstream,  the  flow i s  s teady with veloci ty  V and pressure pm . Then the  
s p a t i a l l y  and t ime-varying s ta t ic  pressure i s  obtained from equation (Bl) as 
On the surface of a so l id  cy l inder  of diameter D, t h e  l o c a l  v e l o c i t y  must  be 
p a r a l l e l  t o  t h e  s u r f a c e  
For the  sum of uniform flow about a cylinder and s inusoida l ly  f luc tua t ing  
circulat ion about  a cy l inder ,  
If the re  i s  no c i r c u l a t i o n ,  t h e  r a d i a l  component of ve loc i ty  a t  t h e  c i r c l e  i s  
zero and the angular  component is  given by  2Vcos0 where 0 i s  the  angle  from 
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upstream. Denoting the spatially varying pressure for this case by p l y  
equation (Bl) becomes 
A t ransducer  that  measures  surface pressure f luctuat ions would measwe the 
d i f fe rence  between p and p ' .  This quantity can be obtained from equations 
(B3) through (B6). 
The measured quant i ty  i s  ac tua l ly  the  t ime average  of th i s  pressure  d i f fe rence  
squared. 
Usual ly ,  the third term within the square brackets  is much smaller than the 
other  two terms. Maximum normalized circulakion 2T/DV, which i s  equa l  t o  
maximum f luc tua t ing  l i f t  coeff ic ient  per  uni t  span,  then can easi ly  be de te r -  
mined from measured values of mean square surface pressure f luctuat ion by 
neglecting that term. Mean square lift coeff ic ient  per  uni t  span is  given by 
54 
Thus the  rms l i f t  coefficient spectrum per unit span and the re fo re  the  
f luc tua t ing  l i f t  force spectrum required for  calculat ing dipole  sound 
r ad ia t ion  can be determined from the measured va r i a t ion  of surface pressure 
amplitude with frequency, evaluated a t  one angular  posi t ion on the  cy l inder .  
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TABLF: I 
Description 
- 
a =  0 
Constant chord 
0 
cy = -40 
Constant chord 
2 :1 Taper 
cy =' -40 
4 :1 Taper 
cy= 2 0 
Measured Predicted 
45.2  44.3 
52 .o 44.3 
40.5 44.3 
36 44.3 
48.6 47-9 
54 -5 47.9 
53 46.2 
Cmin 9 
cm 
11.4 
11.4 
11.4 
11.4 
7.6 
7.6 
4.6 
Ry, cm 
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